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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

HIGH-TEMPERATURE LUBRICANTS AND BEARINGS FOR AIRCRAFT TURBINE ENGINES

By NACA Subcommittee on ILubrication and Wear '

SUMMARY

The problems, research status, and future possibilities for high-temperature
lubricants and bearings for aircraft turbine engines were considered in detail by
the NACA Subcommittee on Lubrication and Wear. Higher operating temperstures are
inevitable for bearings and lubricants, although the extreme temperatures may
occur for only short periods of time. The use of closed lubrication systems may
permit operation with liguld lubricants at temperatures higher than now permis-
sible. It may be necessary to develop separate Iubricants for turbojet and turbo-
prop engines. The use of more viscous fluids mey sllow a significant increase in
the present limiting temperatures. Liquid lubricents may not be useful at the
highest projected bearing temperatures (1000° F)}; solid and gaseous lubricants
have promise for the higher bearing temperatures. Tool steels and cage materiais
are avallable that appear suitable for use in high-temperature rolling contact
bearings, but considerable research is essential.

INTRODUCTION

A previous report (ref. 1) by the WACA Subcommitiee on Iubricatlion end Wear,
published in April 1951, was concerned with a review of current and anticlpated
lubrication problems in jet engines. At that time, bearing operating temperature
did not exceed 350° F, and oil reservoir. (bulk) temperature did not exceed 260° F.
The report defined bearing temperature limlts of 350° F for current (1950) interest
and predicted limits of S00° and 750° F for the immediate and distant future. The
predictions of higher temperature requirements were based on the trends, in Jet
engines, to higher compression ratlos, higher operatlng temperatures, and higher
mass flows to produce greater thrust. Some of the development and newer production
englnes are currently operating in the 350° to S00° F range.

At the time of the last report (ref. 1) it was stated that the dlester fluids
showed the most promise for the ‘operation of bearings at higher temperatures. By
virture of a concentrated cooperative effort by industry, the military, and research
agencies, the dlester fluids have been developed into satisfactory Jet-engine
lubricents in a relatively short period of time, MIL-L-7808,; the military speci-
fication for synthetlc jet-engine lubricant, was issued in December 1951.

Bearing operating and bulk oil temperatures are higher today then they were 3
years ago and promise to go higher in the future. References 1 to 3, as well as
consideration of extreme £light speeds, Indicate that there are four general tem-
perature ranges of interest as shown In table I.
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TABLE I. - BEARING AND IUBRICANT TEMPERATURE TRENDS

FOR ATRCRAFT TURBOJET ENGINES®

Tempersture range 1 2 3 4
Engine status . Current | Development, { Future| Future
new
production

Maximum operating
temperature, °F .
Bearing < 350 500 750 1000
Bulk lubricant 250 300 . 400 -———

Maximum beering
"soak-back" tem-
perature, °F, 500 700 1000 ——

Minimum tempersa.-
ture for bhear-
ings and lubri-
cant, °F -65 -85 -65° -65°

88ome of data from references 1 and 3.
emperatures of -100° F have heeu encountered in service.
CMay be necessary to sacrifice on low-temperature prop-
erties to achleve adeguate high-temperature properties.

The tabulation shows that for current engines (temperature ranges 1 and 2), maximum
bulk lubricant temperatures are 250° and 300° F; maximum bearing sosk-beck tempera-
tures are 500° and 700° F {the temperatures atteined by the besrings after the
engine 1s shut down and coolant f£low ceases while heat continues to flow into the
bearings from hot parts of the rotor}. In future englnes, such as those for tran-
sonic and supersonic flight and particulerly in engines for gulded misslles, signif-
icant deslgn cbjectives include maximum besring opersting temperatures of 750° and

1000° F (temperature ranges 3 and 4, table I). However, it should be noted that the

problems involved. in short-time engines (such as an expendsble engine for a guided
missile} may be considerebly different from the problems for long-time engines (such
as an engine to be used in plloted aircraft). _
In order to obtain meximum performsnce from Hew engines, it 1s important that
lubricents end bearings be develaped to wlthstand higher temperatures. The purpose
of this report 1s to define the problems, to present the latest avallable data on
lubricants and bearings in order to evaluate owr preseht research knowledge, and to
Indicete future possibllitlies. The body of the report contains swumaries of papers
presented by members of the NACA Subdommittee on Lubrilcetion and Wear at the
September 1953 meeting. C(Complete papers appear as appendixes A to G of this report.

33358



8EES

=1 back

Cl

"

NACA RM ES54D27 SV 3

TRENDS AFFECTING ILIUBRICANT AND BEARING REQUIREMENTS
High-Speed Aireraft Missions

High-speed aircraft missions are discussed in detail in appendix A. The mil-
itary application of extreme flight speeds may be broken down into: (1} Pighter
application, and (2} bomber application, with long-range turbojlet missiles falling
into the bomber category. The maximum speed &t which a turbojet power plant may be
efficiently utilized lies sbove Mach 2.75, and mey be as high as Mach 3.5 (appendix
A). At these speeds, and et high altitudes, the effect of aerodynamic heating be-
comes a mgjor pioblem. In the fighter epplication, the heat capaclty of the system
may still be effective because of relatively short £light duration, although tem-
peratures much higher than now encountered will occur. '

For the bonber applicetion, the duration of flight at these extreme Mach num-
bers would be around two hours. This would allow time for the system to reach the
high stagnation temperatures. The bonber cese 1s the most critical in that fuel,
normelly used &5 the lubricent coolant, can no longer be used as 1t 1s at present.
However, the relatively short time period associlated with high Mach number flight
makes 1t desirable to recognize the time-tempera.ture concept in eva.lua.ting bearings
end lubricants.

Engine Deslgn Trends

Engine design trends are discuesed in detall Iin appendixes B and C. Engines
ere being developed with greater thrusts and are belng installed in alrcraft designed
for higher speeds. The higher ram temperature rise coupled with compressors that
develop higher compression ratios results in much higher compressor-outlet tempera-
tures. Reference 2 shows that compressor-discharge tempersture for Mach 2 at ¢
50,000 feet will be 660° F for a compressor pressure retio of 5 and 1060° F for a
pressure-ratio of 15. In sddition, some current thinking is toward incresses in
turbine-inlet temperatures from 200° to 400° F over current practice of 1500° to
1600° F. A turbine-inlet temperature of 2000° to 2100° F is considered to be a
practicaeble objective (appendix B). Another design trend which could affect lubri-
cants and bearings is the use of preturbine fuel Injection for thrust augmentation.
Preturbine fuel injection moves the afterburner hot zone closer to the turbine
bearing, which msy aggravate the temperature problem.

»
Lubricant Cooling Problems

Lubricaent cooling problems are discussed ln detsil in appendix C. High oper-
ating temperatures of the lubricant and bearings in turbire englines are due to the
conmbined effect of high heat rejectlon to the lubricetion system and limlted cooling
cepacity. The sources of heat load in e turbojet engine include all main shaft
bearings held in housings located in hot zones, the thrust bearlng, accessory gear-
box, pumping losses in fuel and lubricant pumps, constant-speed drive for slternat-
ing current power units, and aerodynemic heeating effects., A breakdown of the heat
rejected by each component for one perticular engine of 10,000 pounds thrust is
included in appendix C. Some of the data from this breakdown are shown in figure 1,
which shows the effect of Mach number and altitude on engine heat losd and oil-out
tempersture from the oll cooler. The total heat load for the engine of appendix C
is considerably less than the heat load for another 10,000-pound thrust engilne which
has a rejection rate as high as 240,000 Btu per hour under severe conditions,
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Although the heat load at the high-speed ses-level condition is greater than
the load at high-asltitude cruise, the sea-~level conditlon has ten times the amount
of fuel avsilable for coolling then is avellable at altlitudes (‘because of the reduced
engine fuel consumption at altitude)., Thus the minimum fuel-flow condition may
become the limiting condition of operation.

The principal factor affecting bulk lubricant temperature will be the limitation
on lubricent cooling. It would be possible to design a system to Operate at lower
temperatures by miunimizing the heat that mist be rejected to the lubricent and by
incressing the coollng capaclity of the system, However, most steps taken "to reduce
heat load and to increase cooling cepacity result in added complexity and weight.

Cooling systems under conslderetion are fuel-to-oll, alr-to-oil, and partielly
vaporized fuel-to-oil (appendix C). The fuel-~-to-oil cooler;, In use at the present
time, uses fuel on its way to the combustor as a coolant. - The drawback to this
system is the reduced fuel flow (cooling capacity) at high-eltitude eruise conditions,
and when descending from altitude.” In addlition, sclid deposits of fuel decompo-
sition products form when the fuel is subjected tc high temperatures. The air-to-
o0ll cooler is not feasible for high-speed application because of excesslve drag and
the ram-temperature-rise effect. Partly vaporized fuel-to-0il is attractive in
that the latent heat of the fuel can be utllized for cooling. Although this system
ig especially stiractive for combustors which utilize vaporized fuel, it offers
problems in fuel metering end control.

Turboprop Lubricant Requirements

The lubrlcant requirements for turboprop englnes are discussed in detail in
sppendix D. In the future; 1t appears that the lubricent requirements for the
turbojet and the turboprop engines may be more difficult to reconcile with ome
lubricant than at present. The high-temperature requirements of the two engines sre
currently similar; but with supersonic flight speeds, turbojet operating temperatures
will rise sharply whereas the turhoprop willl power high subsonic or low supersonic
alrcraft wlith attendant lower temperatures. The necesslty of improved loed-~
carrylng ebility of a glven viscosity lubricant must be satlsfled for the turbo-
prop 1f low-temperature starting requiremente end increased power reatings are to
be realized. The present knowledge of lubricant.compounding indicates that
edditives which lncrease load-carrying ability will 1limit the high-temperature
stabllity of the lubricant. In additlon, the search far better high-temperature
lubricants is restricted if lmproved losd-car?ying abllity, or even load capacity
equivelent to the present MII~-L-7808, 18 a primary requisite. Therefore, separation
of the two requirements appears adventageous 1f the desired rate of progress 1s to
be atteined. - ’ : - N

HIGH~TEMPERATURE LUBRICANTS
Iiquids

Because of the relatively low operating temperatures of most current engines
{temperature range 1), petroleum lubricents meeting the MIL-0-6081A specificatlon
for grades 1010 end 1005 (10 and 5 céntistokes viscoeity at 100° F, respectively)
are generally satisfactory. In temperature rapges 2, 3, and 4, however, where
temperatures are apprecisbly higher, the petroleum lubricants do not have the
required combilnation of properties such as low viscoplty at -65° F far adeguate
pumpability and low volatility at high temperaturea for low oll consumption. As
a consequence, synthetic lubricants and other lubricent types (such as solids or
gases) are necessary.

. 988¢C
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One of the very difficult problems with Iiquids is that of meintaining low
volatility at high temperature while meeting the pumpability requirement for low
viscosity at -65° F since, for any one class of lubricant, decrease in viscosity is
generally accompanled by increase in volatlility.

At temperatures sbove those at which liquid lubricants in. open lubrication .
systems are practlcal, there are two general alternatives:

(1) 1iquid lubricants in closed systems (with resultant limited oxygen avail-
ability), or

(2) other lubricant types such as solids or gases.

Extenslve thermal and oxidatlve stability research on varilous fluids is dis-
cussed In detall in appendix E. .

Thermal stabllity. - Thermal stability tests were conducted in the absence of
oxygen. At 500V F for a 20-hour period, esters, ethers, mineral olls, and silicones
were falrly steble with the exceptlon. of esters prepered from secondary slcohol.
Date on mineral oils, ethers, slilicones, and silicstes show that decomposition does
not always result in en increased neutralizetion number. For these materials,
change in viscosity, or the formatlon of lnsolubles, ls more pertinent. Thermal
stabllity tests at 680° to 750° F for .6 hours show naphthenic materials to undergo
en appreciable loss in yiscosity without significant volatillity losses. On the
other hand, sromatic olls show & slight lncrease in viscosity after being subjected
to 700° F. As judged by volatile-product formation, Hercoflex-600, an ester made
from primary alcohol linkeges (pentaerythritol}, appears to be reasonably stable
up to 700° F. About 600° F appears to be the maximim thermal_atability temperature
for di(2-ethylhexyl} sebacate.

Oxidative stability. - In the presence of oxygen, different results are ob-
tained. At temperatures above 450° to 500° F, the charecteristic inductlion period
of e well inhibited or stabllized oll no longer exists because the oxidation
reaction is so rapid. Therefore, in studying oxidation at high temperatures, the
important factor is the amount of oxygen assimlleted in & glven time by e glven
emount of oil, snd the resulting effect on the properties of the lubricant. Tests
conducted with d4i({2-ethylhexyl) sebacate 2t 500° F show phenothiazine to be effec-
tive in reducing the amount of oxygen teken in by the oll. Increasing the rate of
alr £low bubbled through the oll increases the amount of oxygen absorbed. Oxidation
of a mineral oll in the presence of copper and steel results in a solid deposit.

The esters are much less affected by the presence of metals at high temperature than
are the mineral oills. The silicetes urndergo property changes after oxidation that
are compareble to those for the most steble esters. The silicones as & class, how-
ever, are very stable (ref. 4 and appendix E}. A blend of ester and silicone ex-
hibits stabiiity comparable to that of the ester slone. The effect of temperature
level is illustrated in the followlng example: Di(z-ethylhexyl) sebacate, with

0.5 percent phenothiazine added, was stable in the presence of metal catalysts for
125 hours at 347° F. At 500° F the stable period was reduced to less than 1 hour.
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The followlng considerations are important regarding lubrication at high
tempergture: . .

(1) Restrict oxygen avallability to the.oil . .. . __ _
(2) Recognize the time-temperasture concept S -

(3) Continue to investigate materials such as silicones and esters of primary
alcchols .

(4) Exemine hydrocarbons in closed systems.

3338

Iubrication properties. - From a lubricatlion standpoint only, & compounded
diester, a phosphonate and a sllicate gppeasred promising for high-temperature oper-
ation. (See appendix F.) The compounded dlester showed effective boundary lubri-
cation of steel-on-steel epecimens to a bulk lubricant temperature of S00° F; at
higher temperatures, lncipient surface failure occurred. A phosphonate was a com-
Pletely effective lubricant throughout the entire bylk lubrilcant temperature range
to 572° F; at this temperafure, however, the flutd refluxed violently, decomposed,
and left a reddish-brown gel as a residue., The wear track on the friction epecimens
showed no damage and very slight wear, but the surface of the steel specimen appear-
ed to be etched as if by chemlcal attack.

The tetra(2-ethylhexyl) sllicate ester also appears promising for operation at
high bulk lubricant temperatures. The silicele ester is, however, sub;}ect to
oxidative decomposition at a bulk temperature of approximately 540° F. With tke
8llicate ester, there was no visible evldence of etching of the steel specimens.

Testing the various components of the compounded diester indicates that tri-
cresyl phosphate is the effective lubrication component. Studles at high sliding
velocltles indicate that, in general, fluids having a high critical sllding velocity
have e high 1imiting tempersture. _ ) o o ) -

Some improvement in high-temperature lubrication properties of liquids can be
obtalned provided relaxation of the specification on low-temperature viscosity is
permitted. For example, 1f it is allowable fo use fluids of viscoelties higher
than the MIL-L-7808 specification value of 13,000 centistokes meximm at -85° F,
improved high-temperature lubricatlon propertles may be cobtained. . This point 1s
illustreted in figure 6 of appendix F, which gives results obta_tned. ‘with a series
of water-scluble polyalkylene glycol fluide that vary in viscosity from 8.8 to 762
centlstokes at 100° P. .The limiting temperature for inciplent surface fallure in-
creased Prom 290° to 500° F with increese in viscosity.

The limiting temperatures at which lubrication felilure occurred are noft nec-
essarily the bulk lubricant temperatures to which the lubricants can be utilized in
practicel bearing Ivbrication. Factors other than lubricaetion failure mey become
the limitation; for example, chemical effects such as decomposition, corrosion, and
oxidation may limit the bulk temperature, to which the lubricant can be used, to
velues lower than those indicated in appendix F. Since the chemlcal effects are
time-temperature dependent, however, it may be possible toc use these lubricants up
to the lubrication failure temperature for short-time applicetions such as expendable
engines for guided missiles. For long-time operation, the use of these fluids will
probebly be limited to temperatures lower than those for lubricetion fallure.

3 3

The maximum allowable bearing temperatures mey, however, be substantially
above the bulk oil temperature limits indicated herein. In bearing lubrication, g
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the oll is normally supplied at low "oil-in" temperatures, abd the oil residernce
(dwell) time may not be sufficlent so that high bulk oll temperatures are obtained.
In some full-scele bearing experiments with low o11-in temperatures, adequate lubri-
cetion has been cbtained with bearing temperatures approximately 200° F higher than.
the temperature reported herein for 1ncipient surface failure with the same
lubricant.

Wear data (appendix E) over the temperature range 165° to 400° F indicate that
tricresyl phosphate is an effective antiwear agent over the entire temperature
range. Tests with a production-model Vickers piston pump show that currently avail-
able pumps can be_ gperated successfully with relatively low-viscosity, high-
volatility fluids provided.good lubricity characteristics are built into the fluid.
A sllicate fluid shows wear and E. P. properties similar to, nonadditive mineral oll
and ester fluids. PFluids of this lubricity level have been successfully used as
hydraulic fluids. The silicones show very poor lubricity properties. The addition
of up to 50 percent by welght of ester to the silicone improves wear characteristies.

8olids and Gases

Liquids may be inherently temperature-llmited because of thermsl or oxidative
instability; however, solid or gaseous lubrilcants have promise for the extreme
high-temperature epplications (refs. 5 to 7). Sollds can be cobtained which are
either steble at the elevated temperatures or whose instability does not adversely
effect the frictional properties of the surfaces to be lubricated. Similarly,
gases (such as air) are extremely stable at elevated temperatures,

8olids may be used for itbricetion in essentlally two menners: (a) by includ-
ing the so0lid a8 a minor constituent of the material to be lubricated, and (b) by
introducing the so0lid with an "air-mist" system similar to that described in refer-
ence 5 or mixed with a volatile f£luld cerrier. Detailed discussions of both methods
are included in asppendix F. If is shown in reference 5 that it may be possible to
effectively lubricate conventional rolling contact bearings with & solid (Mbsz)

either at high temperatures (to 1000° F) or at high speeds (to DN values of
1,000,000).

As discussed in appendix F, geses may also be utilized as lubricents at high
temperatures. Some preliminary results reporting the use of a reducing atmosphere
(consisting of an air-hydrocarbon mixture} to lubricate small rolling contact
bearings at 10,000 rpm are reported in reference 6. These results showed that suc-
cessful operation could be obtained at temperatures of 600° F for several 10-hour
periods. Other gases, such as air, may be employed provided bearings are designed
for this fluld. The studies of reference 7 show that the alr besring (which is
essentlally unaffected by temperature) has possibilitiea for supporting load in a
relatively steble manner at temperatures of 1000° F.

Temperature Ranges for Various Lubricant Types

A summary of the possible lubricents for operation over the four temperature
ranges of table I is shown in table IT. As shown, petroleum lubricants of the
MIL-0-8081A type are suitable for temperature range 1; synthetic lubricants
(presently, dlesters) of the MIL-I-7808 type are suitable for temperature range 2;
solids, gases, or liquids (possible future synthetics) may be suitsble for tempera-
ture range 33 and, in all probsbility, only solids and gases will be suitable for
the extreme conditions of temperature range 4. As indicated in table IT, additionsl
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TABLE II. - TYPICAL LUBRICANTS AND BEARING MATERIALS FOR VARIOUS TEMPERATURE RANGES

Temperalure range 1. 2 3 4
Maximum operating
temperature, °F
Bearing C o <350. 900 750 1000
Bulk lubricant- 250 300 400 ————
Minlmum tempera-
ture, -65_. . -85 -85 -85
Sollds or gases
Posgible lubri- Liquid- u_msl Liquid-diesters + Iiquids inj
cants petraole ather synthetics open or
closed
systens
Research required. High-temperature High-temperature stabllity
on lubricante None stablility and load and lubrication in open or .
carrying capacity closed systems
(for turboprops)
Possible rolling .
contact bearing
materials .
(A) For races SAE 52100 Tool steels
and rqlling SAE 52100 Sinterim
elemente material
(B) For cages Ag-plated Kickel alloys
bronze
Nodular irom Powdered metals +
solld lubricants
Ag-plated breonze
(interim material}
Research required .
on bearing mate-
rials .
(A) For races
aud rolling None . Fatigue research . . _
element mate- ’
rials
(B) For cages None Friction and wear research

3338
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research is required on high-temperature stebility and high-temperature lubricating
effectiveness of lubricants for temperature ranges 2, 3, and 4. The use of closed
systems (excluding o:q'gen) may meke the use of liguld lubricants possible at tem-
peratures.higher than those of range 2.

HIGH-TEMPERATURE BEARTNGS
Bearing Materiels
Materials for races and rolling elemesrts. - The physical properties and require-

ments of bearlng materials for operation at high temperatures have been discussed
in reference 2. The most iImportant required properties are as follows:

(1) Minimum hardness of Rockwell C-58

(2) Dimensional stabllity at operating temperature

(3) Minimum critical alloying elements (particulsrly tungsten)

(4) Corrosion resistance at operating temperature and et room tempersture
(5) Reasonable heat-treatment and grinding characteristics

(6) Ready evallability from several sources

Based on’these requirements, the molybdenum tool steels appear to show considersble
promise as high-temperature bearing materials. Molybdenum tool steels have good
hot berdness end dimensional stebility at elevated temperature, although they are
more difficult to grind than SAF 52100 steel (Wellons, Tef. 2}, The general dis-
cussions of the papers presented in this report ae eppendixes emphasized the im-
portance of fatigue and the lack of data on fatigue lives of the tool steels at
high loads, high DN values, and high temperatures.

Although tool steels will undoubtedly be required for temperature ranges 3 and
4 of table T, some thought has been given (appendix G) to using SAE 52100 steel
stabilized for use at temperatures esbove the present limit of 350° F. Dravw fempera-
ture must take into account both the reguired degree of d.imensional stability and
the minimum ecceptable hardness.

A steblllzing heat treatment for SAE 52100 whlch specifies a 4-hour drew at
235° to 240° C (approx. 460° F) resulted in Rockwell hardness values of C-58
to C-61l. Althoéugh this treetment assures adequate dimensional stability for
operating temperatures up to 350° F, recent experience with high soak-back tempera-
tures after engine shutdown demonstrated that 4 hours was not sufficlent for com-
plete stebilization. An 8-hour.cycle at 250° ¢ (482° F) for SKF No. 1 steel or
240° C (464° F) for SAE 52100 is desirsble for the complete dimensional stebilization
of bearings which are intended for operation where the tempera:bures may reach 400° F
or higher.

Cage materlals. - As shown in reference 2, the requirements for cage meterials
are as follows:
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(1) Adequate strength

(2) Corrosion resistance

(3) Compatibliity with race materials

(4) Thermal expansion coefficient approaching that for the race material

Of these requirements, that of compatibility (low friction and wesr) is probably the
most important and posslibly ‘the most difficult to obtain.

Friction and wear data have been obtalned for a nunber of possible cage mate-
rials sliding against M-10 tool steel at temperatures up to 1000° F (appendix F}.
Conventional (Alcop) bronze, a presently used cage material, shawed a continucus
increase in friction with higher temperatures; wear first decreased, then increased
with temperature. Temperature had no effect on iron-silicon bronze to 800° F. At
higher temperatures both friction and wear increased. Friction for nodular iron
decreased with increased temperature but weer lncreased elightly. However, wear
characteristics of the nodmlar iron were better than for the bronze. In general,
the friction coefficilent for nickel alloys decreased with increasing temperature.
Wear for the unickel . a.J_'Loya was approximately 1/2 and 1/10 that of Iromn-silicon
bronze at 600° F and 1000° F s respectively. Nickel alloys can be pretreated to give
low wear at room temperatures (fig. 11, appendix F).

Temperature Ranges for Various Bearing Materials

A summsry of the possible bearing materials {both for rolling coutact arnd for
ca.gea) for operation over the four temperature ranges of table I 1s shown in table .
IT. As shown, the present race and rolling element material (SAE S2100) and the
present cage material (sllver-plated bronz.e) are suitable for temperature range 1.
Likewiee, the present bearing materials may be used, until mcre Information is .
aveilable on other meterisls, for temperature range 2; thig 1s, however, only an T
interim measure, and the molybdenum tool steele and ¢ther cege materials (such as
nodular. iron and nickel alloys) may be used in the near future. For temperature
ranges 3 and 4, the rolling contact bearings will undoubtedly employ tool steels
for. reces and rolling elements, and nickel alloys, nodular iron, or other specisl
materials for the cages. Very little ls known, however, about the performance of
these materials under these conditions. Much additional research is required on
fatigue &s well as on frlction ard wear in tempereature ranges 2, 35, and 4. Full-
scale bearing tests under -similated operating conditions mmst be employed as the
final check of new materials or designs.

CONCLUDING REMARKS

The followling remsiks summarize the lmportant polnts described in the
discussion of high-tempersture lubrilicants and bearing problems,

l. The greater heat loads imposed by high-performance engines and practical -
limltation on coollng will result in increased operating temperafures for bearings
and lubricants.

2. The time-temperature concept and the use of closed lubrication systems )
become lmportant considerations in obtaining solutions to high-temperature lubri-
cation problems.
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3. The attempt to develop one lubricant suiteble for both turbojet and turbo-
prop engine types mey have to be sbandoned as being unduly restrictive.

4. The use of more viscous lubrilcants msy allow operating st higher tempersatures
but may require relaxation of the low-tempersture pumpabllity requirements.

5. Solids and gases have promise as possibie lubricants for bearing tempera-
tures as high as 1000° F.

6. Tool steels appesar promising for applicaetion to high-temperature rolling
contact bearings. Preliminasry studies indicate that friction and wear properties
of tool steels are comparable with those of BAE 52100. Considerable fatigue data
are required on the tool steels.

7. On the basis of bench studies of friction and wear properties only, certain
materials appear to have promlse for poselble use in cages of rolling contact
bearings for cperetion at temperdatures as high as 1000° F.

Lewis Flight Propulsion Iaboratory
KNational Advisory Committee for Aeronsutics
Cleveland, Ohio, May 11, 1954.
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APPENDIX A

HIGH-SPEED ATRCRAFT MISSIONS

By C. M. Michaels
Wright Air Development Center

In this review of high-temperature lubricants and bearings for saircraft tur-
bines, 1t was felt that a discussion of some of the contempleted high-speed air-
craft missions is appropriate.

Two considerations of operating conditions are lmportant: first, that high
speed creates problems; and second, that the high-speed conditions occur for
relastively short periocds of time. The duration of misslons msy be only e few hours,
although in these few hours great distances are covered. It is believed that these
high speeds end their reletively short duration will dlictate revisions of some
concepts in the field of lubrication.

The military use of extreme speeds may be separated into two categories which
are typified by a fighter epplication end a bomber application. The guided missile,
which would use a turbojet engine, is considered to fall within the bomber category;
since only a limlited amount of maneuvering should be expected in its flight path,
the engine would be operated at constant speed, and the duration of flight would
approach that of the bomber. Extreme speeds, which may be defined as the maximum
speed for which a turbojet engine may be utilized, are considered by verious
suthorities to be above a Mach number of 2.75 and perhaps as high as 3.5. Within
the fighter category, the following two mlssions may be considered: First, a
somewvhat normel take-off, climb, end crulse, with extreme speeds which would apply
in the combat ares for a period of the order of 15 mlnutes; and second, .the use of
essentielly the same alrcraft but wlith all flight phases conducted at maximm
speeds. In the practical case, this Iength of time 1s limited to approximately 30
minutes. In the fighter application, the heat inertia of the system ls probsbly
still effective, although temperstures much higher than are normslly encountered
wlll occur. o '

For the bomber application, in some instances, the duratlion of f£light at these
extreme Mach numbers would be of the order of 2 hours. This period of time would
normelly allow the temperatures assoclated with these high-speed flights to stabilize
throughout the system. The bomber case is therefore consldered to be the most
difficult, based solely on the tempersture problems. It 1Is obviocus that bearing
temperatures and olil temperatures tend to increase significantly. The high tempera-
ture of the available heat sink makes the problem of masintaining the oil and
bearing temperatures within limits extremely difficult.

It is desirable at this polnt to discuss possible changes in concept regerding
the physical properties of the lubricant for high-speed applications. The tempera-
ture limits of the lubricant are defined by falrly conventionel tests, many of which
involve time. It has been indicated previocusly that the time during which the
engine 1s operated at high speed, and therefore the durastion of high-temperature
conditions, is limited. If the time elements used 1In defining the physical properties
of the lubricant could be reduced, the alloweble lubricent temperature could be
increased. Similar considerations apply to bearings. Since very few data have
been obtained vwhich apply to the operation of the bearings at extreme temperatures,
any known data should be extrapolated with caution. However, it 1s believed that
bearings of the rolling contect type can be made usable at temperastures of approxi-
mately 700° F, although the goals for such elements should be much higher.
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Another important consideration for high-temperature lubricents and bearings is
the cooling problem. As the first step toward a solution, the bearings should be
mounted in such & way as to minimize the amount of heat entering the bearing; how-
ever, additional means of cooling must be provided. One avallsble heat sink 1s the
engine fuel. Meny current engines ere equipped with fuel-to-0oil heet exchangers in
which the heat rejected to the oil is transferred to the fuel. However, this heat
sink will also be required to cool other components such as electronic equipment,
aircraft skin, amd hydrauliec fluid. It is alsc possible to allocate some of the
fuel exclusively for cooling; this fuel could be evaporated and discharged over-
board or, 1if possible, added to the afterburner. This process of adding the fuel
vapor to the afterburner is as yet unrealized, although the assoclated problems do
not appear to be lnsurmountable. When this possibility for a simple refrigeration
mechanism is considered, i1t 1s immediately apparent that water would be a better
medium, although 1t would complicete the system to some extent. The only alternative
t0 such a consideration would be the use of a mechanical refrigeration system. The
heat rejection to the oil of one of the latest types of production engines is about
15 tons of refrigeration (180,000 Btu/hr), which would require a large refrigeration
Installation. 8Since the e@aporation of fuel would require spproximately 24 pounds
offuel per hour per ton of refrigeration (2000 Btu/min), it becomes evident that—
this scheme would provide both simplicity and welght savings in the short-time
usage. The point at which the method willl no longer be advantageous hes not been
determined. - : C : :

In summary, it may be stated that mailntaining adequate lubrication and bearing
systems for extended periliods is believed to be one of the limiting problems in the
application of turbojet engines to high-speed f£lilght. The problem maey be divided
into the following phases:

(1) Lubricants which sre applicable for high-temperature use
(2) Bearings which cen withstand high temperatures

(3) Elimination of the rejected heat from the over-all alrcraft system.
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APPENDIX B

ENGINE DESIGN TRENDS AFFECTING LUBRICANTS AND BEARINGS

By C. C. Singleterry
Bureau of Aeronsutics, Department of the Navy

The general trends in alrcreft turbine engine design polnt toward problems
wlth lubrication and bearings. As 1s generally known, englines are being developed
with greater thrusts utlilizing higher compression ratlos and are being installed in
alrcraft designed for higher speeds. The higher ram-temperature rise wlth higher
speeds combined with higher compression ratio results in much higher compressor-
outlet temperatures. The direct effect of this temperature increase on bearings and
Jubricants will depend to a certain extent on the design compromises chosen by the
engine designer, but will almost inevitably result in some added heat rejection to
the lubricating oil.

Changes 1in turbine temperatures and turbine temperature control are also in
prospect and may effect heat rejection to bearings in the turbine end of the engine.
Current thinking in the Bureau of Aeronsutics contemplates lncreases in turbine-
inlet temperatures of 200° to 400° F over current designs. These temperature in-
creases may be achieved through the use of new metal alloys and turbine blede cool-
ing. A turbine-inlet temperature of 2000° to 2100° F is considered to be & prac-
ticable short-range objective. The over-all effect of incressed turbine temperatures
together with blade cooling cannot be essessed directly in terms of total heat
rejectlon to the oil or in terms of bearing operating, or soak-back, temperatures.
Agein this will depend on the designer's choice of compromisges.

The principasl factor affecting bulk lubricant temperature will be the Iimi-~
tation on lubricant cooling. Because aof the drag induced by an air cooler and its
decreased cooling caepacility at high speeds, most new turbojet engines are being
designed with fuel-oil cooclers. Under certaln conditione (principally when descend-
ing from altitude) the fuel flow 1ls limited end oll temperatures wlll increase.

New designs will generally provide for cooled-oll temperatures in the nelghborhood
of 300° to 325° F under this limiting condition. This is about the upper limit for
the current synthetic oils; above this temperature, oxidation seriously reduces the
life of the oil. If olls are developed which wilill withstend hlgher temperatures,
fuel stebility will then become a limiting factor at cooled-oil temperatures some-
where between 300° and 400° F depending on restrictions that are possible on fuel
type.

Current estimates would indicate an upper 1imit on flight speed of spproxi-
mately Mach 2 for Navy alrcraft during the next 10-year perlod. With consideration
of the altitudes at which this maximum Mach number will be experienced, it is
possible to predict ram air temperstures not in excess of 350° F. The development
of & lubricant which would have bulk stability at temperatures of 450° to 500° F
would make it possible to utilize air-oll coolers either to replasce or to supple-
ment fuel-oll coolers in the event that the heat capacity of the fuel stream
becomes severely limiting.

A current trend in Navy thinking on turbojet engine development may have some
significance insofar as bearing loads and speeds are concerned. This thinking
envisages the development of small, light engines which may be used in mltiple
instaljations. These engines would be no larger than the present J46 and would
enmploy pressure ratios of perhaps 7 to 8. It would appear that besring lozds and
speeds would not change sppreclably from present designs.
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Another design trend vwhich might-affect lubricants and bearings is the trend
towerd preturbine fuel injection for thrust augmentation. Preturbine fuel injection
would move the afterburning hot zone closer to the turbine and might result in tem-
perature increases or higher heat inputs 1lnto rear turbine bearings during periods
of afterburning. :

In summary, current development trends toward engines with higher pressure
retios and higher turbine temperatures msy result in hilgher rates of heat rejection
to the lubricent and higher bearing temperatures. As a modifying factor, consider-
ation 1s being given tc the development of relatively smell engines which will not
necessarily utilize pressure ratios above 8. NO matter how the hest-rejectlon rate
to the lubricant is affected, the problem of heat rejection from the oil will be-
come increasingly serlous with higher-speed aircraft.
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APPENDIX C

PROBLEMS ENCOUNTERED AT HIGH TEMPERATURES IN
LUBRICATION SYSTEMS OF TURBINE ENGINES

By G. P. Townsend
Alrcraft Gas Turbine Div.,
Westlnghouse Electric Corp.

The high operating temperatures of the lubricant in turbine engines are due to
the conmbined effect of high heat rejection to the lubrication system and limited
cooling capacity availeble in the lubricent cooling system. It is possible to
design the lubricetion system to operate at any reasonable temperature by minimiz-
ing the heat rejection to the lubrlicaent and by providing cooling capacity to give
the designed temperature. However, most steps which are tsken to minimize hest
relection to the lubricant add complexity and welght and sometimes impalr engine
performance, and the steps necessary to provide cooling capacity alsoc add welght
and sometimes complexity; the engine designer therefore usually finds that the best
design compromise is that which allows the lubricant to operate at the highest
practical temperature. This 1s not alweys true, however, and each design should be
completely studied.

The engine designer takes advantage of every Improvement in over-all lubricant
and materiasl development which allows him to operate at elevated lubricant tempera-
tures because this willl result in reduced weight and improved performance.

The source of high heat load in e turbojet englne will now be considered.
Teble I shows e heat load end heat-balance summery for an engine of 10,000 pounds
thrust. This heat load comes from the following main sources:

(a) All main shaft bearings which are held in housings located in the hot zones
of the engine sbsorb heat. Heat is conducted into the Iubrication system through
the walls of these housings, depending on the exposed surface ares to the hot gases
end the velocity of the gases and fluids on either side. By mipimizing these areas
and surface velocitles, heat rejection to the lubrlcant from this source can be
held to a low level. The tendency of increased heat load from this source in
future engines is apparent, because of the trend towards higher gas temperatures,
but judiclous design and proper insulation will help to compensate for this trend.

(b) Heavy load on the engine thrust bearing 1s a large source of heat load.
The thrust on the engine thrust bearing 1s usually the small difference between two
large numbers - the forward thrust of the compressor balanced sgainst the rearward
thrust of the turblne. A welght study should determine the relative sdvisability
between the use of a large thrust beering, or the use of thrust balencing by air
pressure or by adjustments in the locatlion of the various engine alr seels. How-
ever, it should be remembered that the higher thrust loads g1so increese heat
rejection which must be dissgipated. To get rid of the heat requlres additional
cooling cepacity, which means additional welght, and sometimes additionsal drag. It
is advissble for serodynamic designers to take & second look whenever the design
results in a thrust bearing loaed that 1s on the high side. Some of the most
efficient engines in operation today have compressor and turbine deslign combinations
which result in & reasonably close balance in forces.
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For a glven altitude, increased flight speeds cause increased thrust bearing
loads, as the thrust goes up from static sea-level Fating almost directly with ram-
pressure ratlio. A high static thrust losd is therefore multiplied at higher flight
speeds, resulting in additional heat to be rejected to the lubricant.

(¢) The accesaory gearbox heat load consists of the sum of a fixed heat load
that is a function of rotative speed only acd a variahle heat load which increases
with the horsepower requirements of the gearbox. However, the surfaces of the gear-
box contribute somewhat to the cooling of the 1ubricant, even at relatively high
fiight speeds.

(4} Pumping losses in the lubrication system account for an appreciable amount
of the heat loaed, but the degree of effect varies ¢unslderably with engine coufigu-
ration. For example, engines with a very simple oll system which hsve low oll flows
and do not use the lubrication system for engiume control have a very low heat load
from pumping. However, the present trend to afterburning engines, with the need
for exhaust-nozzle control, and the trend towards high-pressure-ratio compressors
with the need for wvarilable engine geometry necessitate some measns for actuation of
these parts. In most engines this is done by using engine oil and a high-pressure
pump. To minimize the heat load, veriasble-displacement pumps sometimes are used.

The greatest pumplng loss 1s that which occurs in the fuel pumping system due
to the fixed-displacement fuel pumps used on American engines, and due to the need
for high fuel flows for low-asltitude, high-speed.flight operation. BSince higher-
altitude operation requlres comnsidersbly loiwer fuel flows, 1t 1s necessary to by-
pass the excess fuel. This extrs work of pumping 1s converted directly into heat
in the fuel and has the same effect dn oll temperature as heat load anywhere in the
system. Variable-displacement fuel pumps would correct this situation, but to date
engine designers have not found this practical. The use of multiple fixed-
displacement pumps which run unloaded when not needed is one method presently used
tosclve thls problem.

(e) Another plece of hydraulic equipment—now being included in the engine oll
system on advanced engines is an integral constant-speed drive unit+ It 1s made
integral with the engine because considerable weight can be seved on the alrframe
by elimination of separste reservoir, cooler, pumps, and plping systems. The pur-
pose of this is to drive an alternating-current power system for operation of air-
craft electronle equipment. Such systems have been found to greally reduce air-
craft welght because of the use of higher voltages; and consequent reductlion in
welght of wiring, the elimination of inverters, and so forth. The constant-speed
drive units, however, have added a heat load to the engine oil system that 1s
roughly half the baslc engine heat load.

(f) High-speed flight adds to the severity of the oil temperature problem
because the amblent temperature in which the engine operates ls Increased. Although
this is generally credited as the reason for the higher operating temperature of
the lubricant, and the resulting problems, there are compensating factors during
high-speed £light which tend to reduce oll temperature. As a result, there is
only = slight increase in operating temperature of the lubricant during high-speed
flight', For example, during high-spéed flight the fuel availlable to the fuel-oil
cooler is greatly increased, with the result that the actual maximum oil tempera-
ture is only slightly increased.

In the followilng paragraphs, engine cooling systems asre discussed:

(a) Some engines have no cooling system whatever and rely only on the heat
rejection from the varlous surfaces to supply a heat balence. Thls can be done,

3338
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providing the design is such that the total heat rejection to the engine oil system
1s low. Such an engine has the advantage that the weight of the oll cooler and
assocleted piplng 1s saved.

(b) Some engines provide a fuel-to-oil heat exchanger in which the fuel on the
way to the engine combustor 1s heated by the engine lubricant on its way to the
engine bearings. This 1is a very effective and reasonably light means of cooling
the Jubricant. The weight of such coolers 1s about 15 pounds and thera is no
appreciasble drag penalty.

{c)} Some englnes require that the aircraft supply an eir-to-oil heat exchanger
to cool the engine lubricant. BSuch coolers are heavy and cause severe drag losses
to the aircraft. This type of cooler 1s not practical for high-speed flight, since
1t would be effective only as a heater.

(8} For some engines with very high heat rejection, the maximm safe lubricant
operating temperature would be exceeded when only a fuel-oil heat exchanger is used,
eapeciglly in the range of operation where fuel flows ere 1low, but where heat
rejection is high; in such a case, a combination heat exchanger is used, where air-
o1l heat exchanger is automatically cut in by & thermostatic velve. Under all
other conditions {where fuel flows are higher)}, the fuel-oil heat exchanger is
sufficient. This system is a rather heavy one and should be avoided 1f possible.

(e) An effective means of obtalning added heat dissipation has been tried on
some engines; this method involves an oll cooler in which some of the fuel 1s per-
mitted to vaporize; thus, added cooling capacity is obtained from the latent hest
of vaporization of the fuel. This system can be very readily epplied Iin engines
which have vaporizing combustion chambers. ’

(£) Refrigeration equipment in the oll system has not yet been found necessary
by eny engine manufacturer. The reason for this is simply that the englne designer
has not yet done all he can do to 1imit heat rejection, or has not yet taken mexi-
mum advantage of the elevated temperature to which present lubricants and seal
materials will go. No doubt by the time present limits are reached, other lubri-
cants capable of operating et higher temperstures will be avallsble, &s willl higher-
temperature sealing means. ’

To sum up, the problems which are listed need not be problems at all except
that the designer finds it better to solve them than to add the extra complexity and
welght to the engine thet would allow him to operate at lower tempersatures.

These problems are listed in varlous categories. The problems which are
directly sssoclated with operation of the lubricant fluid at high temperature will
be considered first.

The lubricant has a tendency to lose its ability to lubricate with increased
temperature. This is primarily due to the fact that the lubricating characteristics
of & glven fluid decrease with viscosity. As & result, new fluids with higher
viscoslty indexes must be found., The use of the diester-base £luid MIL-I-7808 was
a big step forward, but other fluids with improved properties are being developed.
Generally speaking, however, this drop off in lubricating ability at elevated tem~
peratures has not been a primary problem in turbojet engines to date, as the
development of the £luld has kept up with the increase in operating temperatures
from this point of view. However, from the point of view of stability, the diester-
base fluids have not kept pace with operating temperatures. At the present time it
is necessary to change the engine lubricating fluld periodically - more frequently
on engines operating at very high temperatures - in order %o prevent the fluld

CUNEEE,



20 L NACA RM ES4D27

neutralization number from going too high, end to prevent the formation of objec-
tlionsble sludge. A more steble lubricating fluid than MIL-L-7808 is very unecessary.
The present rate of sludge formation is severe enough to cause cloggling of filters
(and o1l jJets downstream of the filter after the filter relief valve begins to
bypass). Fllters must be changed quite often. Operation of MIL-1-7808 well beyond
the specification limlt for neutralizgtion number has had no apparent detrimental
effects with regard to corrosion of the parts. In genersl, the operation of
MIL-L-7808 £luid in the 300° to 400° F range has had no detrimental effect except
for the oll sludging problems. It is belleved that this problem could be eliminated
without change to the fluld if the countinuous source of new oxygen were eliminated.
With this in mind experiments sre now beilng run on closed lubrication systems in
which the vented air is not exhausted overboard, but is sent back to the bearing
housings and recirculated. To accomplish thils, however, added complication is
necessary to the engine design. Positive oill segls must be used which are capable
of operation in an anbilent tempersture of 1000° F. Such seals are availsble but
mst be developed for each specific application.

3338

The closed lubrication system automatically eliminates another problem, excess
oll consumption due to high volatility of the lubricating fluid and loss of this
vapor through the oll-system vent. At the present time, engine oll consumption
incresses considerably under "hot oil" condition because of loss of vapor out the
vent.

The toxilcity problem of the lubricant is present at extremely high operating
temperatures for the diester-base fluids. Above 600° F the £luid breaks down to
form some aldehydes which csuse nausea when breathed. This problem Ls not readily
apparent at present operating temperstures except where the fluld lesks 1nto the
compressor flow path and moves back to a polnt where the temperature is high and
vwhere bleed air is taken for cabin pressurization. At temperatures above 800° P,
this fluld does break down and if sufficient leskage has been presgent, the bleed
alr may be sufficlently contaminated to cause nausea among the crew of the alrcraft.

Sealing problems at high temperatures sre a natural thought in view of the
previous discusaion. To keep oil consumption low, and especlally to prevent con-
tamination of bleed air, positive reliable seals should be used at all polnts for-
ward of the air bleed ports. These seals coneist of such components as carbon,
steel, springs, rubber, silicone rubber, bellows, and plston rings. For tempera-
tures up to 300° ¥, some rubber is used; up to 450° F silicone rubber is used; and
at still higher temperatures, all-metal construction is used. As mentioned before,
seals are avellable to operate in amﬁient temperatures up to 1000° F; however, each
seal application is a development prohlem in itself, especlally those in which no
rubber may be used. It is believed that the shaft sealing problem cen be handled
by the englne designer as the temperatures continue to increase. The present static
seal is the O-ring, which is placed in s standard O-ring groove. This is a very
useful obJect, and an object which the engline designer now uses perhaps too
genercusly. This item will become the victim of further increases in oll system
fluld temperatures. Before the designer will be gble to part with this device he
will have to relearn some of the tricks that were used before O-rings were available.
For the present, however, the designer may still benefit from further improvement
in materials such as in the new sllicone rubber O-rings which sre now availlable.
These will allow .lubricant temperstures up to a 1limit of about 450° F.

The present rubher hose on turbojet engines is now being replaced by flexible N
steel hose in some points, and by a new silicone rubber lined hose elsewhere. The
silicone rubber lined hose will handle normal oil system pressuree up to 450° F in
amblent temperatures of 400° F. Above these temperatures, steel ls used. -
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Fortunately, the newly developed hoses are usually lighter in welght than the old
rubber hose that is belng discarded, so that the welght penalty of using higher
operating temperature flulds is minimized.

A fortunate development has been the fact that the silicone rubber materials
are not affected by the diester-base lubricants. However, with the lncressed inter-
est in silicone lubricating £luids (and the success of some of these in component
tests) it becomes evident that the sealing problem with the silicone £luids will be
a severe one., Most of the silicone lubricaents have an adverse effect on the
sllicone rubber seals. B8teps should be taken now to develop seal materials which
will operdte to the same 1limits as the silicone fluilds which are compatible with
them.

Bearing material development has kept pece reasonably well with the increased
operating temperatures up until now. However, the point has been reached where any
further increase in lubricating fluid operating temperatures willl require thrust
bearings to be made from tool steel. There is still a decided lack of knowledge of
the fetigue-life limits for these steels. This informetion is belng complled by
the bearing manufacturers, but not at a rapild enough rate.

Gear materials are in a more questionable state than bearing materlals. Gears
are already belng drawn down in herdness 1in some conditions of operation. This will
eventually mean a welight penalty in gear design unless a suitable gear steel is
found that will operate with high bhardness in the 500° F range. Here again the
engine designer will have a cholce of whether he should teke other steps ln the
engine design to keep the tempersatures of the lubricating fluld down to & reasonable
value by one of the means mentioned earlier, whether he should increase welght by
operating st & lower herdness with a higher temperature f£luid, or whether he should
procure a higher-tempersture gesr steel.



TABLE I. - HEAT IOAD AND HEAT-BATANCE SUMMARY FOR ENGINE OF 10,000 POUNDS THRUST

Altitude, £t fes level | Bea level| 35,000 | 35,000 [ 35,000 | 60,000| 60,000
Flight speed
Mach number 0 1.0 0.53 1.5 1.89 1.0 1.89
Knots 0 660 300 865 1,075 574 1,080
Heat load, Btu/hr
Fo. 1 bearing 13,500 13,750 3,310 | 7,900 | 8,900 2,675 3,440
No. 1 bearing seal 1,360 1,155 1,650 | 1,435 [ 1,350 | 2,010| 1,845
No. 2 bearing 41,000 | 37,500 | 38,000 | 38,000 | 36,500 | 43,000 26,500
Gearbox 19,100 | 19,100 | 19,200 | 18,100 | 19,100 | 19,100 | 19,100
Lubricant pump 9,880 9,880 9,880 | 9,800 | g,880 | 9,800 | 9,880
Variable-displacement pump 9,920 9,920 9,920 9,920 | 9,920 9,920 9,920
Coustent-speed drive 45,500 | 45,500 | 45,500 | 45,500 | 45,500 | 45,500 | 45,500
Total 140,260 | 136,500 |127,360 |131,720 |1%1,150 |152,085 | 126,185
Cooling from air flow®, Biu/br 13,000 8,000 | 19,000 | 11,500 | 7,000 | 17,500 | 8,500
Engine heat load, Btu/hr 127,260 | 128,900 |108,360 |121,220 {124,150 |114,565 | 119,685
Temperature of fuel at cooler inlet?, OF 126 122 179 130 124 195 159
Temperature of oll at cooler outlet, OF 165 191 322 177 171 362 240

8'Cocal:!.)::g due to passage of alr over external engine parts.

Drhese temperatures show increase In temperature due to bypass flow"{:hrough fixed-displacement puempa.
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APPENDIX D

TURBOPROP GEAR LUBRICATION PROBLEMS

By C. J. McDowall
Allison Div.,
General Motors Corp.

The turboprop engine requires: (l) that the lubricant permit starting at -65° F
for militery applicatioms, (2) that the fluid be resistant to oxidation and other
thermal decomposition at bearing operating temperatures to approximately 400° F,
and (3) that the lubricant be noocorrosive to metals present in the system. These
requirements alsoc apply to the turbojet engine. However, the turboprop engine
presents the additional requiremeunt (4) that the lubricant provide adequate load-
carrying ability for the reduction-gear system. When it is considered that the
gearbox weight may approach one-third of the total weight of the engine, the
necessity of designing the gear train to the highest loads permissible in accordance
with good practice becaomes obvious.

No currently avallable material has been proven to fulfill g1l four of these
requirements. The present MIL-L-7808 oll does not provide the load-carryling ability
desired and may be inadequate in low-temperature properties. A higher-viscosity
lubricant (E.E.L. 3A), currently operated in Allison turboprop engines, provides
the load-carrying ebllity and thermal stability required, but is inadequate for
-65° F starting. Attack of these lubricants on bearing cages electroplated with
lesd-base codeposits, has been experienced in engine operation. Iaboratory tests,
conducted over the 250° to 450° F range, have indicated that this corrosive activity
rises sharply with temperature.

The diester-base lubricants alsco severely affect organic materisls with which
they are in continuous or incldentsl contact. Rubber seals and hose, some plastics,
and many organic coatings may be seriously attacked by contact with these lubricants.
In addition, the higher operating temperatures of engines requiring use of the
diester olls render the materials problem more severe. Complete faillure of
MIL-I-5511 hose, due to degradetion and subsequent erosion of the lining, has been
experienced in 80 hours with synthetic oil et approximately 250° F.

Other related problems are the scuffing and wear rates of bearing rollers and
races at high speeds, and scuffing and pitting fatigue of reduction gearing. The
relationship of the lubricent to the scuffing and wear problem on high-speed roller
bearings is not known. Mechanical desigr and metallurgical changes are belng ex-
plored for solutions to the besring problem. Previous reduction-gear experience,
upon which current designs are based, has been with lubricants of higher viscosity
and load-carrying ability. Refinements of the gear system to reduce the lubricant
requirements are being made, but for practical application to production, the
lubricant should not be marginal in its load-cerrying ability. There have been
published data to indlcate that pltting fatigue life is reduced with lower-viscosity
lubricants, but the mmgnitude as applied to both gears and bearings in practice is
not known.

With Increasing conmpression ratios and engine complexity, hot-spot temperatures
and, to a degree, bulk operating temperatures of the turboprop engine may be expected
to increase. However, the lncreases are not expected to be as great as for high-speed
turbojet aircraft. Increased lubricant load-carrying requirements sre indicaeted
if higher ratings resulting from power section development are to be utilized with-
out the accompanying sacrifice in welght or volume regquirements for the gear box.
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Development of more complex engines such as the two-spool design will result in
higher bearing speeds and render the present scuffing problem more severe. Antic-
ipated turboprop bearing temperatures are not expected tc render present bearing
materials insdequate; hence, developments in this field are primarily directed to-
ward turbojet engines. 8Some reduction in heat rejected from the gearbox mey be
experienced with higher-flight-speed turboprop alrcraft with supersonic propellers
because of reduced reduction-gesr-ratlo requirements.

The use of more active extreme-pressure-type additives to improve the load-
carrying abllity of the turboprop lubricant has not been successful to date. The
conventional sulfer and chlorine containing edditives are corrosive to metals in
the high-temperature portions of the power section and cause excesslve deposlt for-
mations. The use of an acid phosphate improved the load-carryling capacity and
provided accepteble cleanliness characteristics. However, the acid phosphate caused
the o0il to foam excessively and, in addition, chemlcally attacked copper and slso
magnesium when molsture was present. IL 18 also noted that the type of entloxident
used in stebilizing the diester lubricants attacks cadmium, preventing the use of
this plating material in the oll system.

The present effort, with regard to mllitary applications, is to use one syn-
thetic o0il for both turboprop and turbojet englines. This 1s a worthwhile objective,
but the cost—in the design compromises required may outwelgh the adventages. The
present MIL-L-7808 lubricant contains both antiwear agents and e viscosity lmprover
for the benefit of the turboprop. Thelr presence is undesirable for jet englines as
it renders -65° F starting more merginal. and prevents use of the engine lubricant
as a hydraulic fluid.

It eppears that the future lubricant requirements for the turbojet and the
turboprop engines masy be more difficult to achieve with one oll than at present.
The high-termperature requirementes of .the two engines are currently simllar but,
principally as a result of supersonic Fflight speeds, the future turbojlet oil tem-
perature levels will be much higher. The necessity of improved load-carrying ability
of a given viscoslty lubricant must be satisfied for the turboprop engine 1f low-
temperature starting requirements and Increased power retings are to be realized.
With present knowledge of lubricant compounding, edditives which increase load-
carrying abllliy will 1limit the high-temperature stablility of the lubricant, and the
search for better high-temperature lubricants is restricted 1f improved locad-
carrying ability, or even that equivalent to the present MIL-L-7808, is a primary
requisite. Therefore, separation of the two requirements eppears prefereble if the
desired rate of progress 1s to be attained.

The use of a separste lubricant for the gearbox system has been considered as
8 possible solution to the problem. This would be atiractive from the viewpoint
of -1lubricent compounding, as conventional extreme-pressure additives might be used.
However, inherent dlsadvantages of this arrangement are serious. Foremost, the
addition of the wrong oll to either the gearbox or the power sectlon system could
be disastrous. In addition, some existing turboprop engines or alrframe installations
could not be readily adspted to this cHange. The requirements for separate oil
tanks, additlionel cooling facilities, and low-temperature starting problems with the
use of two lubricating systems render this arrangement undesirable if snother
solution cen be obtalned.

The development of two oils, one for satisfying the critical requirements in-
herent to present and future turbojet engines and the second for the requirements
most critlical to the turboprop englnes, is believed the most desireble approach to
the problem and one that offers potential benefits to development of both types of
engines. Currently, operation of turboprop engines with a higher-viscosity
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lubricant is deemed necesssry. However, recent development work on more steble
extreme-pressure agents, as conducted by Dr. Fenske of Pennsylvania State College,
and lubricants of much improved viscosity-temperature characteristics, such as the
silicone-diester blends of the NACA, indlicate that material advances in low-
temperature properties may be obtainable while maintalining high load-carrying ability.
Iubricant improvement by the development of materials with better viscosity-
temperature characteristics i1s considered the more desirable spproach, as little
experlence and information is available concerning wear rates and pitting fatigue
which may be experienced with low-viscosity lubricants.

It 1s emphasized that the lubricatlon problems of the turboprop engine cannot
be solved by lubricant improvement alone. Improyvements in both geer and bearing
design parameters and meteriels to provide at least partial solutions are belng
actlvely investigated. It appears deslrable to modify the lubrication system so as
to increase the maximum lubricent viscosity which can be pumped. However, the
separation of lubricants for the turbojet snd turboprop engines and recognition of
adequate load-carrying abllity as the primary requisite for the turboprop engine
lubricant will meterlally accelerste development of thls power plant.
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APPENDIX E

NOTES ON HIGH-TEMPERATURE FIUIDS AND LUBRICANTS

By E. E. Klaus and M. R. Fenske
Petroleum Refining Iaboratory,
Pennsylvenia Stete College

INTRODUCTION

Development work on high-temperature hydreulic fluids and on high-temperature
lubricants for Jet aircraft heve many things in common. The same requirements of
adequate lubricity, fluidity, stability, compatibility, and corrosion resistance sare
common to both types of fluid. The simllarity is such thet in prectice & single
diester type of fluld has been prepared to meet the requirements of MIL-L-6387, the
high-temperature hydraulic fluid, snd MIL-L-7808, the synthetlec jet-engine lubricant.
Because of the present state of mechanical developments in hydraulic and lubricating
systems, there are somewhat different points and degrees of emphasis on property re-
quirements. The need for an adequate lubrlcant for high-speed, highly loaded gears
in the turboprop engine and in accessory cases of the turbojet engine normally places
more emphasls on lubricity of the lubricant than is the case with hydraulic fluids.

Closed hydraulic systems sre & current achievement and as such represent e
boon to hydraulic-fluld development not currently enjoyed in the Jet-engine lubri-
cant £ield. The use of a closed system In which air may be partially or wholly ex-
cluded pleces the emphesis on thermal stablility, or stebllity after small amounts of
oxygen assimilation. These properties are, in general, much less critical than the
oxidation stebility under conditions where air is freely accesslble. These letter
conditions appear to dominate in current designs of Jet-engine lubrication systems.
In general, a1l the research and development work on high-temperature hydraulic
fluids is directly applicsble to high-tempersture jet-englne lubricants.

HIGH-TEMPERATURE HYDRAULIC FLUIDS

Lubrication and volumetric efficiency are two important items ln the operation
of hydraulic pumps at high temperatures. Direct measurement of these propertles at
the deslred tempereture is very difficult because of the current lack of proven
high-temperature pumps. There have been indications that in the termperature range
gbove 300° F mechanicel problems with currently avallable pumps essentially prohibilt
£lvid testing. Another spproach to testing lubrlcation and volumetric efficiency
has been used by this lghoratory. Iubricity and viscosity of high-temperature
hydraulic £lulds gnd lubricants cen be measured in laborstory testers. These
measured properties at the deslred temperatures can be incorporated in an experi-
mental fluid in the temperature range of 100° to 200° F. This experimental fluid
caen then be tested in & pump under temperature conditions where no mechanical
problems are anticipeted.

Previous tests conducted by this laboratory have indicated that good quelity
mineral oil and ester-base hydraulic fluids will operate satisfactorlly in piston,
geer, and vane-type hydraulic pumps in the temperature range of 100° to 200° F. The
minimum viscosity level of these fluids under test conditions was 3.5 centistokes.
The current study has been limited, therefore, to viscosity levels below 3.5 centi-
stokes at the test temperature. Preliminery tests have been conducted in a Vickers
model PF-17-3911-10ZFEL piston pump on this laboratory's number 3 pump test stand.
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A comparison of the viscogities and relative volatilities of the mineral oil
compositions and typlcal MIL-L-7808 and MIL-1-6387 type fluilds 1s shown in table I.

The mineral oll fractions PRI, 3414 and PRL 3415 exhibit viscositles of 1.0 to
3.3 centistokes in the range of 100° to 200° ¥, The other test fluids of table I,
the ester-base flulds, exhibit this same viscosity range over the temperature
range of 250° to 800° F. For esters and minersl-oil fractions of the type shown in
table I, the C.,0.C. fire polnt is roughly equivelent to the boiling poilnt of the
fluid at a pressure of 10 millimeters of mercury. It is evident, therefore; that
the mineral-oll fractions and the ester-base fluids have & simllar relation between
viscosity level and vapor pressure. That is, tests with the mineral-oll compositicns
at 100° to 200° F adequately simulate the viscosity level and volatility of typical
MIL-L-7808 and MIL-L-6387 fluids at 250° to 800° F. The test flulids PRL 3414 and
PRL 3415 of-teble I are Mlneral-oil fractions containing an antliwvear additive and
an oxldation Iinhibitor. The compositions of these test fluids are shown in table II.

The effect of bulk oll temperature on the wear charecteristics of typlecal
mineral oil and ester-type hydraulic flulds and lubricants has been determined with s
Shell four-ball wear tester; these wear data, over the temperature range of 185° to
400° F, are shown in table III. These date indicate that the effect of tricresyl
phosphate as the entiwear additlve persists over the entire temperature range.

There 1s some indication theat the persistence of antiwear properties due to
tricresyl phosphate is related to the trlcresyl phosphate susceptibllity of the base
oll. This effect of tricresyl phosphate susceptlibility has been discussed in some
detail in report PRL 5.4, Septs 1952. The base stock for PRL 2880 shows better
tricresyl phosphate susceptibility than the base stock for PRI 3039. This same
trend can be seen in the effectlveness of tricresyl phosphate with temperature rise.
It should be emphasized that no substantlel change 1n the effectiveness of tricresyl
phosphate would be expected in the temperature range up to sbout 800° F. In the
section of thls report dealing with thermal steblility, tricresyl phosphate is shown
to have good thermal stebility up to a temperature of600° F. These data would
indicate that wear properties of mineral oil and ester-base compositions containing
tricresyl phosphate are adequate at high temperatures.

Wear characteristics of PRL 34l14—and PRL 3415 in the Shell four-ball wear
tester are shown in table IV. Wear properties of several ester-base compositions
ere also shown for compariscn. The wear characteristics of the two mineral oil
compositions essentlially match those of the ester-base fluids containling tricresyl
phosphate as the antiwear additive. A good correletion has been shown in the
laboratory between wear in gear and vane-type hydraullc pumps and wear at 1~ and
10-kilogrem lcads in the Shell four-ball wear tester. The successful operation of—
Vickers piston purmps with the same quality lubricants as those evaluated in the
gear and vane-type pumps suggests sbout the same maximum lubrlecity demands for all
three pumps. The wear values for PRI, 3414 and PRI 3415 at 1- and 10-kllogram loads
and 167° F are gbout the same as for high-quality mineral-oil and ester-base fluids
at 1- and 10-kilogram loads and 400° F. To summerize, it is belleved that PRL 3414
and PRL 3415 exhibit the same lubricity, volatility, and viscosity levels between
100° ang 200° F as those of MIL-I-7808 and MIL-L-6387 type fluids between 250°
and 600° F.

Performance of PRL 3414 snd PRL 3415 in the Vickers piston pump is shown in
table II. The pump operated satisfactorily throughout this series of tests. It
should be emphasized that the pump used in this study is a stendard production
model. A typlecal MIL-0-5606 fluld was used as a test fluid to establish a basis
for volumetric delivery. The volumetric efficlency as a functlon of viscosity is
shown 1n table V.
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These datae indicaste that currently avalleble pumps cen be operated successfully
with relatively low-vliscosity, high-volatility flulids provided that good lubricity
characteristics are incorporsted in the fluid. These dats suggest that currently
avallable ester-type flulds are suiteble for high-temperature operation in hydraulic
pumps provided that current tolerances and lubricity demands can be maintained in
the design and construction of high-temperature pumps.

WEAR AND IUBRICATION CHARACTERISTICS OF SILICONES AND SILICATES

Silicones and sillicates have been included in the lubrication studies of high-
temperature hydraulic Pluids. The lubricity properties of mineral-oil and ester-
type fluids have already been discussed. $Shell four-ball dsta (from wear and
extreme-pressure lubricant tests) for silicone and silicate £lulds are compared
with similar data for typlcal ester-type fluids in table VI. The lubricant PRL 3103
is di-2-ethylhexyl sebacate, while PRL 3161 is a complete lubricent formmlation
of the MIL-L-7808 types. The silicate-base hydreulic fluld, MIO 5277, is & finished
composition prepared by the Standard Oll Company of California. The two General
Electric silicone fluids are belleved to be methylphenyl silicones of good thermal
gtability.

The finished silicate fluld shows wear charaecteristics and inclplent selzure
values of the same order of magnitude as a typicel mineral oil or dibaslc acld
ester wlthout an antiwear edditive. Finished flulds of the PRL type are superior
to the sillcete fluid in this respect. The silicones show very poor steel-on-steel
wear and Iincipient selzure values., The addition of a reassonable quantity (approxi-
mately SO welght percent) of ester to the silicone (PRL 3424) improves the wear
and inclplent seizure values. In general, a silicone-ester blend of thls type
exhibits improved response to lubrication additives. PRL 3425 is a simllar blend
with the same antiwesr additives but containing a relatively small amount (epproxi-
mately 10 weight percent) of the ester. The wear characteristics of PRI 3425 revert
to essentially those of the silicone (PRL 3358) itself. It is shown in the section
on high-temperature oxidation thet the silicone-ester blend PRL 3424 exhibits no
better stebllity than the ester itself. In other words, it appesrs that in order to
improve the wear characteristics of a silicone fluid of the PRL 3358 itype by adding
an ester, it is necessary to add the ester in sufficlent concentration so that the
resultant blend assumes the high-tempersture oxidation stability of the ester itself.

The effect of temperature on the wear charscteristics of silicone and silicate
fluids is shown in teble VII. Data for & high-quality minerel oll and aun esater type
fluid are shown for comparison purposes. The wear properties of the silicaete fluld
PRL 3416 (MIO 5277) are essentially unchanged by temperatures over the range of
165° to 400° F. The sillicones show some tendency toward incremsed wear wlth increas-
ing tempersture.

To summarize, the silicate fluild shows wear and extreme-pressure properties
quite simllsr to those of typicel nonadditive mineral-oil and ester fluids. Fluids
of thie lubricity level have been successfully used es hydraulic fluids. The
sllicones show very poor lubrlcity properties.

THERMAT. STABILITY OF LUBRICANTS
Thermal-stabllity tests evaluate the behavior of & fluid or lubricant in the

absence of oxygen or under an inert atmosphere such as nitrogen. In systems which
gre closed, or which provide little contact with elr, these tests on thermal
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stebllity are pertinent in showing what happens to a fluid or lubricant. When
substantlal amounts of oxygen are in contact with the oll, the degradatlion produced
by oxygen uaually exceeds that produced by heat or by simple pyrolysis.

Temperature affects thermal stability in e manner similar to that of oxidstion,
and the temperature coefficient for pyrolytic reactions i1s similar to that for
oxidation reactions., The common metals 1In bulk form are usually not strong promoters
of—thermal decomposition.

Teble. VITI illustrates the effed¢t of SO0 F faor 20 hours under a nitrogen
atmosphere on some esters, ethers, mineral oils, and silicones. As noted, these
materlals sre falrly stable with the exception of esters prepared from secondary-
alcohol linkages. The latter decompose much more easlly than esters prepared from
primary alcohols. Olefins are one of the products of the thermal decomposition of
esters. The thermal decomposltlion of esters made from secondary alcohols becomes
significant at 400° to 450° F, and after sbout—£0 hours. On the other hand, esters
prepared from primary alcohcls will have a compareble stability at 550° to 600° F.

In inspecting all the tables on thermal stability, it is lmportant to remember
that decomposition is not aelweys evidenced by an increase in neutralization number.
For exeample, the stability of mineral oils (hydrocarbons), ethers, silicones, and
sllicates cannot be judged by neutralization number. In these latter cases, changes
in viscosity, or the formation of gas or insolubles, are more loglecal criteria of
degradation.

The effects of metals on thermsl stability at 500° F for a period of 20 hours
1s shown in table IX. In general, the metals shown do not greatly aeccentuate the
thermal decomposition. Several of the esters tested show some evidence of steel
and megnesium corrosion at 500° F.

Since the 500° F thermal tests did not significantly change the properties of
a variety of fluilds and lubricants, simller studies were made at 600° F for 6 hours
in the absence of metals. These data are presented in teble X. Hercoflex 8§00
which is an ester prepsred from pentaerythritol end a monobasic acid, has good
stabllity. Its structure 1s such that it cannot readily produce an olefin on decom-
position. Naphthenic mineral oils, tricresyl phosphate, and some silicates and
silicones also are quite stable at 600° F for 6 hours.

Further thermal tests on some of the more promising materilals in table X are
shown In table XI. These tests were made in a pressure cylinder in order to deter-~
mine the amount of gaseous or volatile products formed. The polyglycol and the
glycol-centered ester show the greatest formetion of veolatiles and ges. The
pressure in the case of 2-ethylhexyl sebacate 1s due to cctene and, a&s noted, 1t is
condensable to a liquid upon cooling to room temperature. The extent of the decom-
position in this pressure test at 60C° F is the same as that in the atmospheric
tests at 600° F (teble X). In this pressure test at 600° F, Hercoflex ard tricresyl
phosphate together with the sillicate and silicone are reasonsbly stable. Hydrocarbon
olls are also quite stable at 600° F.

Taeble XII shows the thermal stability at 880° to 750° F for 6 hours of several
commercially avallable mineral oills &and hydrocarbons. The naphthenic materials at
750° F show sizable losses in viscosity without significent volatility losses. The
paraffins are not directly cormparsblé because they are much lower in viscosity.

The two materials shown have high pour points. The aromatics, on the other hand,
show some viscosity increase at about 700° F.
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The effect of temperature on the thermal decomposition of two esters and some
naphthenic mineral oils 1s shown in table XIII. In the case of 2-ethylhexyl
sebacate, 6 hours at 600° F produces sbout 10 percent decomposition to acid and
olefin as judged by neutralization number. Accordingly, sbout 600° F appears to be
ebout the maximum temperature that this ester can tolerate.

As judged by excesslive volatlle product formation, Hercoflex 600 appears
reasonably stable up to 650° to 700° F.

In the case of the napthenic oils (Nectons), a significant viscosity loss is
noted at 700° F and higher. This viscosity loss is not asccompanied by eny other
serious degradation product, such s the formatlon of volatile products. In a
closed system, or where access to air is restricted, some napthenlc-type hydrocarbons
appear suitable up to 700° to 750° F. This situation may prevail in a closed high-
temperature hydraullc systemn. T

OXIDATTON STABIIITY OF LUBRICANTS

At temperatures sbove 450° F, the characteristic induction period of a well
inhibited or stabilized oil no longer exists because the oxidation reaction is so
rapid. The role of the conventional inhibitor is now that of slowlng down oxlidstion
rather than suppressing it entirely for a given interveal of time. In studying
oxidation at high temperatures, attention is directed, not to an Induction period,
but to the amount of oxygen essimilated in a given time by a given amount of oil,
and to the changes in the properties of the lubricant produced by this emount of
oxygen.

Tables XIV to XXIV show the effects of various types of oxidation conditions on
certsin esters and mineral oils at 500° F.

Teble XIV presents data for 2-ethylhexyl sebacate at 500° F and under various
conditions of oxidation. Phenothlazine is still actlive in reducing the over-ail
effects of oxidation st 500° F. The glass beads serve primarily to increase the
contact of air and lubrilcant.

Table XV shows the behsvior of different ester types without catalysis at
500° F, vhile table XVI shows similar date where glass beads have been used to in-
crease the air-oil contact. This increases the severity of the test. In the case
of the phthalate ester, the insolubles are primarily phthallc anhydride and not
sludge.

Tebles XVIT to XIX show oxidatlon behavior of several lubricants at 500° F
with a large area of copper end steel present. One of the striking differences
between the effects of glass beads and of copper and steel occurs with the minersl
01l designated Voltesso 36. This 1s a well refined naphthenlc oil. Oxidation
under these conditions in the presence of the metals resulted in a solid. In
generel, the esters are affected less by the presence of metals at high temperatures
(500° F) than mineral oils.

Table XVIII contains data for three silicate-base fluids and also three sili-
cone olls. The silicetes exhibli property changes after oxidation that are com-
parable to those occurring in the most steble esters. The silicones, however, are
very stable.
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Table XIX shows oxidation data for a blend of 2-ethylhexyl sebacate and a -
silicone. This is a high-temperature-type silicone, and such & blend has better
lubricating properties than does the silicone alone. However, upon oxidation at
500° F there appears to be little sdvantage, for the degradative properties of the
blend are at least as poor as those of ithe ester alone.

Tables XX and XXI relate more to hydraulic oils than to high-temperature
lubricants for aircraft turbine engines. These tests were made at 500° F with
limlted air supply (0.6 1iter/hr/100'ml of o011). Present as catalysts are l-inch
squares of sheet copper, aluminum, and steel. The reduced air supply ls to typify
a closed hydraulic system.

Teble XX shows oxldatlon date for some esters, and a sllicate and silicone oil.
Table XXI contains date for various synthetic hydrocarbons and naphthenic mineral
ocils. Under these oxidation conditions at 500° F, but with & restricted air supply,
most of the. fluids have satisfactory properties, including low corrcsion. The
flulds illustrated represent high-quality products commercially avallable in each
of—the classes. . It should be noted that further refining withk silica gel did not
markedly improve the quality.

Phenyl a-nephthylamine (table XXI) as an inhibitor in mineral olls effectively
retards the rate of oxidation at 5000 F.

Table XXITI shows that the properties of an oxidized oll are primarily dictated
by the amount of oxygen assimilated by a given amount of oil, and not on the total
oxidation time or rate of oxidation. This shows that when oxidation can occur, it
usually dominates thermel or pyrolytic effects.

Tables XXIII and XXIV show the effect of oxidizing a mineral oil and an ester
to varying degrees at 500° P. The ester can absorb & larger amount of oxygen before
1te properties resemble those of the oxidiged minerel oil.

The preceding discussion on oxidation has been limited to 500° F. The
oxidation tests for MIL-L-7808 and MIL-L-6387 fliuids are conducted at 347C F.
Figure 1 and the followlng table show the effect of temperature on oxidation
(induction period) for a fluid typical of these specifilcations; the pronounced tem-
perature effect is well 1llustrated as follows:

Temperature, °F| Stability,
hr
347 125
400. 27
450 S
500 <1l

Petroleum Refining Laboratory
School of Chemistry and Physice
The Pennsylvania State College
State College, Pennsylvanla
September 9, 1953
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TABLE I. - SOME PROPERTIES OF HIGH-TEMPERATURE HYDRAULIC FLUIDS

C.0.C. | Viscosity, centistokes
Test Fluild fire 3.0 cs] 2.0 cs5][ 1.5 es [1.0 es
point, ©F | Temperature at which viscosity
is obtained, °F
PRL 3313 495 400 510 600 -—-
PRL 3161
(MIL-L-7808 Type) 495 285 360 435 570
PRL 3039
(MIL-L-6387 Type) 425 265 340 415 550
PRL 3414 230 107 145 178 240
FRL 3415 235 72 109 142 203
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TABLE II

PUMP PERFORMANCE STUDIES WITH IOW VISCOSITY HYDRAULIC FLUIDS

Tests conducted with Vickers Model PF-17-3911-10ZEL piston pump on PRL #3 pump test stand

(1) Narrow boiling fraction of highly refined naphthenic gas oil obtained from the Standard 0il Company

of New Jersey.

e ettt — —— e
Pump [ r—
Test No. 240 245 246 247 248 249
]

Test Fluid PRL 3315 FRL 3414 PRT 3415
Base Stock, Typical XCT White 0i1(1) Kendall c-13(2)

w.% Spec. MIL- 9%.6 9%.6

0-5606

Antioxidant, Fluid Paranox L4l Paranox L4l

WC:.% m———— O-LI 0.""
Anti-wear Additive, Tricresyl Phosphate Tricresyl Fhosphate

we. % -—-- 5.0 5.0
Viscosity at 100°F., cs, llf'h 3.27 2.18
Viscosity at Test Temp., cs. b 3.27 2.18 1.40 1.06 2,18
Pump Speed, r.p.m. 3600 3600 3600 3600 3600 3600
Pump Inlet Temp., °F. 100 100 100 150 200 100
System Pressure, p.s.i. 2900 3000 3000 2950 2750 3000
Test Time, hrs, 52 2 2l 1 1 0.5
Average Flow Rate, g.p.m. (3) 3.10 3.04 3.00 2.89 2.76 3.00“")

(2) Narrow boiling gas oil from Pennsylvania crude obtained from Kendall Refining Company,
(3) Plow rates are an average for the emtire test time.

(4) Tests 246 and 249 were conducted on the same test fluld under the same conditiona.

The resultant

flow rates indicate that the volumetric efficiency bas not been altered by tests 247 and 248,

The Pennsylvania State College
State College, Pemmsylvania
Janmary 26, 1953
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TABLE III

EFFECT OF BULK OIL TEMPERATURE ON THE WEAR CHARACTERISTICS OF SEVERAL LUBRICANTS
IN THE SHELL FOUR-BALL WEAR TESTER

Test Conditions Include: Test Time = 1 Hour; Test Temperature as Indicated; Test Speed = 850 r.p.m.;
Steel Balls = SKF Industries Grade #L (0.5-inch Diameter) Steel Ball Bearings, PRL Batch #8.

Test Fluid PRL 3090 = Necton 42, a low pour point mineral oil fraction having 32.3 centistokes

viscosity at 100°F. + 0.4 W&.% Paranox 441.

PRL 3091 = 1.0 Wt.# Tricresyl Phosphate in PRL 3090.

PRL 2574 = Spec. 51-F-21 type fluid prepared without an anti-wear additive.

PRI, 3078 = Spec. 51-F-21 fluid containing 1.0 Wt.% Tricresyl Phosphate.

PRI 2429 = Di-2-Ethylhexyl Sebacate.

PRL 2860 = 1.0 Wt.% Tricresyl Phosphate + 0.4 Wt.% Paranox 441 in Di-2-Ethylhexyl Sebacate.

PRL 3069 = Experimental Gear Box Lubricant prepared by Rohm and Haas. Contains 1.0 Wt.%
Tricresyl Phosphate and 7.5 Wt.% Santopoid S.

PRL 3077 = Experimental ester-base hydraulic fluid prepared without an anti-wear additive.

PRL 3039 = Experimental ester-base hydraulic fluid containing 1.0 Wt.# Tricresyl Phosphate.

------- Average Wear Scar Diameter, mm. for Steel-on-Steel Bearing Surfaceg - -~ - -~ - - -~
1 Kilogram Load 10 Kilogram Load 40 Kilogram Load

PRI Test Temperature, °F. Test Temperature, °F. Test Temperature, °F.
No. 167 I 266 [300 |35¥¥_%Q*9 167 ; 266 %300 %351 { 399 167 % 266 l | 300 | 351 [399
3090 0. 22 0.28,0.32,0.38, 0,30 0.58 |0 .58 l 6, 0.39| 0. 35 0.56 'O.6h| 0.84; 0.84 ‘ -
257 8.?5*‘8.14; g'%lgﬁ 033 8222,8:265 8:§2|8:§$|8. oidh 8:%&& g:%|0.91
3078 0.15| 0.16, 0.1510.15| 0.14 0.22 0.22| 0.2510.,23,0.23 O.hhl 0.5410 70' 0.97 . 0.84
2429 0.26 0.49 O.hél 0.44 , 0.52 0.55‘ 0.54 0.58| 0.7BI 0.84 O.60| 0.91| 0.97| l.Ohl 1.19
2860 0.lhl O.l7l 0.1510.16 | 0,18 0.25 0.25| 0.26 0,26, 0.30 0.3810,80, 0.91'0.97,0.97
3069 | 0.27,0.3210.32| 0.58 0.57 | 0.36] 0.43|o.h7l o.78| 0.76 | 0.50|0.55] 0.70| 0.51 1]0.91
3077 0.32| 0.461 0.44 0.50| 0.58 0.63, 0.70 ' 0.81 O.97| 1.0k 0.84]0.97,0.97 1,10, 1.10
30Q9 0.18| 0.16 0.161_9l18| 0.20 O.28| O.hhl70.59|ﬁ9.50|~9.5 _LQ-91 | 0.91] O. 97| 3 I 0.74
Petroleum Refining Laboratory The Pernsylvania State College
School of Chemistry and Physics State College, Pennsylvania

January 26, 1953
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TABLE IV
WEAR CHARACTERISTICS OF SOME LOW VISCOSITY HYDRAULIC FLUIDS

Tests Conducted in the Shell Four-Ball Wear Tester

Test Conditions Include: Test Time = 1 hr.; Test Temp. = 75°C.;
Test Speed = 850 r.p.m.; Steel Balle = SKF Industries Grade #1
(0.5 inch Diameter) Steel Ball Bearings, PRL Batech #10

Average Wear Scar Diameter, mm,

PRL Test Fluid Visc. at Steel-on-Steel Bearing Surfaces
No. Composition in Wt.% 100°F., cs. 1 Kg, 10 Eg. | 40 Kg.
2,25 | Di-2-ethylhexyl Sebacate 12.6 0.26 0,55 i 0.60
2860 0.4 Paranox 44l + 1.0 Tricresyl

Phosphate in'PRL 21,29 12,7 0.14 0.25 l 0.38
3161 3.9 Acryloid HP-25 + 0.5 Fhenothiazine |

+ 5,0 Tricresyl Phosphate|in PRL 2429 22.5 0,13 0.22 | 0.38
341, | 0.4 Peranox kil + ')5.0 Tricresyl Phosphate | ' |

in XCT White 0i1{1 3.27 0.14 ‘ 0.20 0.44
3415 0.4 Paranox + 5.0 Tricresyl Phosphate ' : ' -

in Kendall c-13(2) 2.18 0.15 [ 068 | 0u5

115 Narrow bo_fling fraction of highly refined naphthenic gas oil obtained from the Standard 0il

Company of New Jersey.

{2) Narrow boiling fraction of Pennsylvania gas oil obtalned from the Kendall Refining Company.

Petroleun Refining Laboratory
School of Chemistry and Phyeics
The Permsylvania State Collegs
State College, Pennsylvania
Jaruary 26, ‘1953
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TABLE V. - VOLUMETRIC EFFICIENCY VERSUS

FLUID VISCOSITY IN A VICKERS

PF-17-3911-10ZEL, PISTON PUMP

Fluid Volumetric Percent of
viscosity. delivery, maximum®
centistokes gal/min delivery

14.2 3.10 100

3.3 3.0¢ 98
2.2 3.00 97
1.4 2.89 93
1.1 2.76 83

&Volumetric delivery with typical
MIL-0-5606 fiuid at 100° F is consid-
ered 100 percent of maximum delivery.




TEST CONCITIONS [HCLUDE:

FOUR-BALL WEAR TESTER:
iiRE!E-i’RESSlHE LUBRICANT TESTER:

TABLE VI
WEAR CHARACTERISTICS OF SEVERAL FLUIDS

1750 R.F.H.

STEEL BALLS = SXF INDUSTRIES GRADE §1 (0.5 IRCH DIAMETER) STEEL BALL BEARINGS, PRL BATCH fio0,

TEST TIME = | HOUR; TEST TEMPERATURE = 75°C.; TEST SPEED = 850 R.P.K.
TEST TIME = | NINUTE; TEST TEMPERATURE = ROOM TEMPERATURE [70-80°F,);

TEST SPEED =

----- WEAR TESTER = = - = =

EXTREME-PRESSURE LURR) CANT TESTER

AVERAGE WEAR SCAR DIAMETER, WM.

AVERAGE WEAR SCAR DIAMETER, MM. | APPROX. LOAD | - - = = = = ~ 9TEEL-OH-STEEL BEAR ING SURFAGES « - = = = = -«
PAL TEST FLU(D HTEEL-ON-BTEEL BEARING SURFACES | FOR INCIPIENT| 40 | 50 0 B0 | 100 | 120 140 | 160
NG, GOMPOSITI0AS |N WT.% I K8, J 10 K. | 40 XG. | SEuzwRE, k6. | x6. | %G.| KG. m.l xa. | k6. KA. | KE. I KG.
3109 D1-2-ETHYLHERYL SEDACATE 0.94 | 056 | o0.69 50 0.%9 2,071 - Ta55 [weLoen | ! !
3161 BPEC. MIL-L-7008 TYPE FLUID 0.16 [ .22 | oy 80 o.atl I 0.96 | - | 2.66| 2.88 |m.oen | I
3382 SILICATE-BASE HYDRAULIC FLUID ;
(Lo 5277) 0.38 I 0.61 | 0.7l 50 0.3 {a.m - ‘a.w 3.05 | 299 3.85 |wELDED
3416 BILICATE-BASE HYDRAULIC. FLUID . Ll . . .
(meo s27) - - | - 50 0.9 n.69l IR N - 2,99 |u£|.ncn |
3357 6.E. SILICONE FLUID, SAMPLE | |
7 Ka. 370-30-183 0.3 | 2.87 | 3.77 <k 214 2.49| 3.6 - 2.79  WELDED I |
3358 6.E. IILICONE FLUID, 3AMPLE |
KO. 370-30-184 0.93 1.36 2.60 L] 0,78 "2.49 2,89 | - | 2.99 WELDED I
1896 A METHYL 31LMCONE 0.32 | 0.3 I 40 <A 1.3 | - | - [ 2.34 RELDED I
2" 1.0 TRICRESYL MHQSPUATE TN PRL 8% 0.35 | a.47 1.69 - B e - - I
- 0.01 PHOSPHORIC ACID (N PRL 1836 a.38 0.44 I (.77 - - | - ‘ - - | - -
9424 0.5 PHENOTHIAZIHE +' 1.0 TRICRESYL | | |
PHOSPHATE [N 50:50 MIXTURE |
OF PRL 3358 AND 01-2-ETHYL- I I | | |
HEXYL, SERACATE 0.26 | 0,40 o.6|I ol 0,8 - 0.4 [. 77, 3.08 H’ELDEnI I
- 0.5 DINETHYL HYDROGEN PHOSPHITE | | |
_ IX PRL 3424 015 | 0.5 | 0.53 B0 o.d2 | - " a.g lo 361 99| 2.73 ‘ £2.97 |WEWED |
3425 0.5 PHENOTHIAZINE + 1.0 TRICRESYL | |,
PHOSPRATE + 0.5.DIMETHYL | I I . | |
HYDROSEN PHOSPHITE + 11,4 |
D t-2-ETHYLHEXYL SERACATE IN | |
PRL 3356 o5 | 18 | 2 4 106 - 2.0 | - j2.60] 2,51 |weioen |

PETROLEUM REFININS LABORATORY
SCHOOL OF CHEMISTRY AND PHYSICS

THE PENNSYLYANIA STATE COLLEGE
STATE COLLEGE, PENNSYLVANIA
FEBRUARY 4, 1953
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TARLE VIT

EFFECT OF BULK OIL TEMPERATIRE ON THE WEAR CHARACTERISTICS OF SEVERAL FLUIDS
IN THE SHELL FOUR-BALL WEAR TESTER

Test Condltions Include: Test Time = 1 Hour; Test Tempsrature as Indicated; Test Speed = 850 r.p.m.;
Steel Balls = SKF Industries Grade #1 (0.5 inch Diameter) Steel Ball Bearings, PRL Batch #10.
Test Fluid: PRL 3078 = Spec. 51~F-21 Fluid (Acryloid-Mineral Oil Blend Contalning 1.0 Wt.% Tricresyl
Phosphat.e).
PRL 2860 = 1.0 Wt.% Tricresyl Phosphate + 0.4 Wt.% Paranox 441 in Di-2-Ethylhexyl
Sebacate,
PRL 3416 = Silicate Base Hydraulic Fluid Received from the Wright Air Development Center
(WADC Designation MIO 5277).
PRL 3357 = General Electric Silicone Fluid, Sample Number 370-30-183.
PRL 3358 = General Electric Silicone Fluid, Sample Mumber 370-30-18L.

——————— Average Wear Scar Diameter, mm. for Steel-on-Steel Bearing Surfaces = - - — - — - ~
1 Kilogram Load 10 Kilogram Load 40 Kilogram Load

FRL Test Temperature, °F. Test Temperaturas, °F. Test Temperature, °F.
No. 16’?!266[300%351|399 167|266|300%351|399 1671266|3001|3511399
3078 | 0.15,0.6 10,15 0.15'0.14 | 0.32'0.2210.25 0,23 '0.23 | 0.4k 0.5 0.70 |0.97 =
2860 0,14 |0.17 0.15 |0.16 0.18 0.25 10,25 |0.26 lo.z& |o.30 0.38 lo.ao I 0,91 '0.97  0.97
36 | 0.7 0.2 [o3u 0.3 |03 | .61 [o.61 067 [0.58 Jous3 | 0.65 (1.7 | .04 | 117" 1.0
3357 | 0.33]0.62]0.78 | 1.0k [1.04 | 2.27|2.53|2.55| 2.7 260 | 3.77[3.92]3.79 |18 -
3358 0.33 | 044 |0.43 | 0.51{0.61 | 1.36 |1.45|1.32)1.5211.36 2.60 | 2,70 | 2,790 | 2.60 | 2.47

Petroleum Refining Laboratory
School of Chemistry and Physics
The Permsylvania State Collegs
State Collegs, Pernsylvania
Januvary 29, 1953
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TABLE VIII
THERMAL, STARTLITY OF VARIQUS FLUID3 AT 500°F,

TEST3 ARE CONDNCTED AT 500 X 5,0°F, FOR 20 HOURS USING A TWENTY-FIVE GRAM CHARGE OF TEST FLUID. THE TEST TUBES USED ARE SEALED WITH A U TUBE
CONTAINING APPROXIMATELY 9 ML, OF THE TEST FLUID. THE SEAL ALLOMS PASSAGE OF BA9 OUT OR AIR IN W)TH PRESSURE CHANGES GREATER THAM 4 JNCHES

OF FLUID~= APPROXIMATELY 1/4 LB./S0.IN. PRIOR TO THE START OF THE TEST, THE VOLUME OF THE SEALED TUEE {S MEPLACED ARPPROXIMATELY 4 TINES VITH
NITROGEN. THE NITROGEN |3 INTRODUCED AROVE THE SURFAGE OF THE TEST FLUID BY MEANS OF A SEALEOFN CAPILLARY TUBE.

CENTISTOKE VISCOSITY BASED ON
100°F. 4 1038 NEUTRAL | ZATION MUMBER THEORETICAL
PRL IN WT. MANOMETER | NEUT. NO, OF ASTH COLOR
no. FLUID ®i6. | mngl cHamae | (1) ORIG, | FINAL FLUID DIBASIC ACID | ORIG. | FINAL
3102 DI-2-ETHYLHEXYL SEBACATE 128 | 12.8 0.0 | 2.0 0.1 | 2802 o 11 e-tf2 | ga1f2
g'ljg D1-B=ETHYLHEXYL AZELATE 10.8 | 1.1 | +9.0 0.0 0.3 l 2.0 0.6 1.t 1-1/2 i
2 D1=2-ETHYLHEXYL ADIPATE 8.1l 8.2, +.3 | 2.0 0.0 3,2 0.2 LI 11 a./2
2956 | "100CTYL™ ADIPATE {PLEXOL 244) 9.99 | 10,0 l +0.1 0.0 0.2 5,013, 0,2 1.6 2 2-1f2
2006A | DI~3~NETHYL BUTYL ADIPATE 4,87 I Z.us +3.9 4,0 0,2 | 1.9 0.4 2,0 1 l I-1f2
2 DI~2~ETHYLHEXYL, PHTHALATE 29.7 | 2ba1 | -12.1 | 6.0 0,1 2,812 0,1 1.0 1 1 2-if2
3 ; DI CAPRYL SEBACATE 13.2 , 7.51 | -42.5 | 40 | 0. s, (2l - 30.5 i - 5}
3017 | DI-SEC-AMYL SEBACATE 1.5 I - - 8.0 0.0 I t56,0 0.1 43.2 i | -5
2650 | DI-BUTOXYETHYL 8EBACATE 10,8 | 881 | «18.] 2.0 1.6 15.5 1.3 g g-1f2  3-1[p
3057 | HERCOFLEX 600 22,) 22,4 | +1.3 | 2.0 0.0 0.4 | 0,1 ol =12 ] .12
31 TRIETHYLENE BLYCOL DI-2-ETHYLEEXANOATE | 8.51 l 8.57 ' -0.5 | 2,0 0.2 | 0.9 0.3 0.3 ] 4
3177 | POLYETHYLENE GLYCOL DI-2-ETHYLHEXANOATE | EI0 | 16,2 | +2.0 | 4,0 0.8 1.3 11 0.4 2 1
3311 | poLYsLVCOL 1B* 17.6 , 142 | -19.0 2,0 0.l l 9.1 l - - 1=1/2 I 2-1/2
3300 | POLYBLYCOL E-900* 35.8 ( 3.2  +.8 | 0.0 [-004 { -0.1(4H . - | :
3905 | POLYSLYCOL P-400% 32,3 ( 32,6 | -2,0 | 2.0 0.1 0.0 I - - I | 5
273 | VOLTESSO 9.50’ 9,59 ' +1,0 0.0 0. | 0.2 o.l - 2 12
2031 | NECTOR 155 ] 15,8 +,8 2.0 0.9 0.3 0.2 - 2,0 | 2-1/2
2092 | SILICOKE WO, 500% B34 491 35 | 20 0,0 | 0.0 | - - l | I
3525 | S1LICONE NO. J01* T.28 | 7.45, 2.3 0.0 0,0 0.0 - - I I
= | TRICRESYL PHOSPHATE® 8.3 | 4.4 I 8.1 2.0 0.2 2,5 0.2 - 2| 4
| I |

* {HESE FLUIDS DO NOT cnnrgu PHEHDTHIAZII);E. THE REMAINDER OF THE FLUIDS CONTAIN 0.5 WEIBHT PER CENT PHENOTHIAZINE,

(1) PER CENT LOSS !N WT, 13 GOOD TD * 2,0% OR 0,5 GRAMS,

(2) CRYSTALS FORMED ARQUND THE TOP OF THE TUBE WHICH WAS EXPOSED TO ROOM TEMPERATURE. CRYSTALS IDENTIFIED AS SEBAGIC ACID IK PRL 3103 ARD

PRL 9265, AND PHTHALIC ANHYGRIDE IR PRL 2975.
(3) SMALL AMOUNT OF UNIDENTIFIABLE SLUDQE PRESERT IN THE LIQUID. PETROLEUM REFIHING LABORATORY
() ORIGINAL FLUID ARD FLUID FOLLOWING TEST ARE BABIC. SCHOGE. OF CHEMISTRY AND PHYSICS
(5) SOLID PORT1OK IDENTIFIED AS SEBACIC ACID, THE PEMYSYLVANIA STATE COLLEGE
STATE COLLEGE, PERNSYLVANIA
HARCH 8, 1952
L4 A ] H ‘
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TESTS ARE CONDUCTED AT 500 % 5.0°F. FOR 20 HOURS USING A FIFTY GRAM CHARGE OF TEST FLUID,
CONTAINING APPROXIMATELY 3 ML. OF THE TEST FLUID.

TABLE IX
THERMAL STABILITY TESTS AT 500°F. WITH METAL CATALYSTS PRESENT

| 0K-6

THE TEST TUBES USED ARE SEALED WITH A U TUBE
THE SEAL ALLOWS PASSAGE OF GAS OUT OR AIR IN WITH PRESSURE CHANGES GREATER THAN 4

INCHES OF FLUID - APPROXIMATELY /4 LB./SQ. IN. PRIOR TO THE START OF THE TEST, THE VOLUME OF THE SEALED TUBE 1S REPLACED APPROXIMATELY

4 TIMES WITH NITROGEN.

CATALYST = A | INCH SQUARE EACH OF THE:INDICATED METALS.
NOTE: ALL FLUIDS EXCEPT THOSE INDICATED BY AN ASTERISK (*) CONTAIN 0.5 WEIGHT PER CENT PHENOTHIAZINE,

THE NITROGEN 1S INTRODUCED ABOVE THE SURFACE OF THE TEST FLUID BY MEANS OF A SEALED-IN CAPILLARY TUBE.

CENTISTOKE VISCOSITY (4 LOSS CHANGE [N CATALYST WT., NEUTRALIZATION NUMBER,
PRL 100°F, IN WT, MG./5Q. CM. MG, KOH/EM. OIL wT.%
NO. FLUID ORIG, | FINAL | % cHANgE| (1) LU |STEEL| AL MG AG | ORIG. ] FINAL | MANOMETER [ SLUDGE
3103 | DI-2~-ETHYLHEXYL SEBACATE 12.9 [|2.5 ' -3 | 0,0 |-0.01 -0.49' 0,00 1 -0.80 0,02 0.1 | 2.8 | 0.1 0.1
9045 | DI~2~ETHYLHEXYL SEBACATE l ' l
{DISTILLED GRADE) 12,3 | 12,5 +1.6 | 1.0 0.00 +l.14, 40,05 -1,39| 0,00 0,0 ' 1.6 0,1 TRACE
9107 | DI=2-ETHYLHEXYL PHTHALATE 90.1 | 24,6 ' -18,3 [ 0.0 [+0.i1 {+0,06] 0.,00| 0,00 o0.00( 0.0 I 5.0 ' 0.0 NONE
2813 | D)=2-ETHYLHEXYL AZELATE 10.8 10,6 -1.9 | 1.0 [+0.08 ~0.|2| 0,00 [ -2,52 0,00} 0.3 | 0.6 0.8 TRACE
3057 | HERCOFLEX 600 2.1 | 21.9 -0,9 | 1.0 | 0.00 -0.80) 0.00 -8,75!-0.01| 0.0 ! 5.8 l 0.1 0.3
3176 | TRIETHYLENE GLYCOL DI-2-ETHYL- . |
HEXOATE 8.611 8,73 | +.4 [ 1.0 |-0,08'-0.08 -0.03 -0.48] -0.03] 0.2 ! 1,9 0.1 1.8
2996-A [ DI-3-METHYLBUTYL ADIPATE 4.87| 4.68 | -3.9 | 5.4 | 0,00]|-~0.28| 0.00 4J5|omo 0.2 | 2.0 0.3 NONE
2973 | VOLTES80-36™ 9.49| 9,58 | +0.9 | 0,0 |+0.10, 0,00 ~0,01[+0,02, -0.03( O.1 | 0.2 0.1 NONE
9325 | SILICONE 701 FLUID {DOW CORNING) 7.28' 7.45 42,3 | 0,0 | +0,02| 0.00 +o.0|| - - 0.0 ; 0.0 - NONE
9161 | BATCH 5380 (SPEC. MIL-L-7808 I _ I |
TYPE GEAR LUBE) 22,9 '18.0 ! -19,3 | 0,0 | 0,00 !+0,02 0.00, -~ - | 0.2 32 0.2 -
TRICRESYL PHOBPHATE™ 98.3 | 41.0 I +,1 | 0,0 | +0.01 | o.ool 0.00{ - I 0.2 l 6.3 | 0.l -

(m

PER CENT LOSS IN WEIGHT 1S 600D TO 3

* 1.0 PER CENT OR 0,5 GRAMS,

PETROLEUM REFINING LABORATORY
SCHOOL OF CHEMISTRY AND PHYSICS
THE PENNSYLVANIA STATE COLLEGE
STATE COLLEGE, PENNSYLVANIA
JANUARY 28, 1953
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TESTS ARE CONDUCTED AT 600 £
CONTAINING APPROXIMATELY 3 ML. OF THE TEST FLUID.
FLUID - APPROXIMAYELY 1/4 LE./SQ. IN.

THERMAL STABILITY OF VARICGUS FLUIDS AT &00°F.

5°F, FOR 6 HOURS USTNG A TWENWTY-FIVE GRAM CHARGE OF TEST FLUID,

TABLE X

THE TEST TUBE3 USED ARE SEALED WITH A U TUBE
THE SEAL ALLOWS PASSAGE QF GAS OUT OR AIR IN WITH PRESSURE CHANGES GREATER THAN 4 INCHES OF
PRIOR TQ THE START.OF THE TEST, THE VOLUME OF THE SEALED TUBE 1S REPLACED APPROXIHATELY 4 TIMES WITH

NITROGEM. THE WITROGEN IS INTRODUCED ABOVE TRE SURFACE OF THE TEST FLUID BY MEANS OF A SEALED-IN CAPILLARY TUBE.
4 1058 KEUT, NO.
CENTISTOXE VISCOSITY AT 100°F. IN (MG. XOH/eM. DIL)
PRL NO. FLUID ORI INAL | FINAL % CHANGE WE |GHT ORIG. | FIWAL
E5ril 01-~2-E THYLHEXYL SEBACATE 12,7 ' .3 -12.8 2.0 0.1 [ 25.3
2813 D1-2-ETHYLHEXYL AZELATE 10.8 9.45[ -12.3 0.0 0.3 31.0
2800 DI-2-ETHYUHEXYL ADJPATE gl - - 0.0 0.0 I 28.0
2956 M|SOOCTYL™ ADIPATE {PLEXOL 244) 9.99 7.95 -20.4 10,0 0.2 50.0
2996A DI-3-METHYLBUTYL AD|PATE 487 5.84 +19.8 9.0 0.2 45.0
297% D1-2-ETHYLREXYL PHTHALATE 29.7 s0L|D - 20.0 0.3 l 1.
- Di-2-ETHYLHEXYL TEREPHTHALATE 93.9 S0LID - 20.0 D.1 135.0
2350 DI-BUTOXTETHYL SEBACATE "~ 0.8 8.54 I -2, 4.0 it I 20,3
305 HERCOFLEX 600 22,1 2.4 +1.4 0.0 0.1 2.
3 TRIETHYLENE GLYCOL DT-2-ETHYL- ‘
HE XANOATE . 8.61 7.82 -16.5 1.0 0.8 8.1
77 POLYETHYLENE GLYOOL BI-2-ETHYL-
HEXANQATE ' 1.0 8.7 -20,5 g.0 0.2 6.4
3300 POLYGLYCOL E-~200 - 35.8 35,3 -1.4 2.0 0.0 0.2
3301 POLYELYCOL P-400 33.3 278 -16.5 8.0 0.1 0.6
2803 UCOK LUBRICANT 50- K55 9.04 2.2 T +34.6 25.0 0.2 0.2
2978 LCON LUBRICANT DLE-GB=ER 1.0 8.5 -22,8 9.0 8.6 1.6
2801 UCOM, LUBRICANT LB-135 28.2 15.0 -4b.7 1.0 0.6 3.5
2802 UCON LUBRICANT LB-|145 298. 1 52,4 | -86.0 0.0 D4 4.0
- HECTON 42 72.9 +1.3 2.0 0.2 0.2
“ D-TERPHENTL 4.53(23 1.43 -0.% 2.0 0.1 0.1
- TRICRESYL PHOSPHATE 9.4 4.8 +8.4 0.0 0.2 a8
3416 $ILIOATE FLUID (MLe 5277) 27.9 24.3 | -12,9 2.0 0.1 0.0
9325 $ILICONE FLUMD {DOW CORNING) 1.28 7.80 \ +7.2 0.0 0.1 | 0.3

(1} INSUFFICIENT FLUID REMAINING FOR VISCOSITY DETERMINATION,
{2) VISCOSITIES DETERHINED AT 210°F.

PETROLEUM REFINING LABORATORY
SCHOOL OF CHEMISTRY AND PHYSICS
THE PENNSYLVAKIA STATE COLLEGE
8TATE COLLEGE, PENNSYLVAK[A
FEBRUARY 24, 1953
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TABLE XI

CK~6 hack

THERMAL STABILITY OF VARTIOUS FLUIDS IN A STAINLESS STEEL GYLINDER AT 600°F.

TESTS CONDUCTED AT 600 * 5°F, FOR A PERICD OF 6 HOURS USING A FLUID CHARGE OF 20 ML. THE TOTAL VOLUME OF THE STAINLESS STEEL CYLINDER

3338

IS 46 ML. PRIOR TO STARTING THE TEST THE SYSTEM IS PURGED WITH NITROGEN FOR A PERIOD OF |5 MINUTES. THE SYSTEM I3 TIEN SEALED AND THE
TEST STARTED. THE PRESSURE OF THE HITROGEN AT 600°F. 1S ABOUT 20 P.S.1. GAGE.
CENTISTOKE V13COSITY MAX [MUM FINAL
AT 100°F. NEUT. NO. SYSTEM PRESSURE
PRL % (MG, KOH/GM. OIL) PRESSURE AT ROOM
HO. FLUID OR1G. |  FINAL CHANGE ORIB. |  FINAL P.8.1. TEMPERATURE
I
337 D1-2-ETHYLHEXYL SEBACATE 12.7 1.9 -6.3 0.1 I 31.5 72 ()
N6 TRIETHYLENE GLYCOL DI-2- |
ETHYL HE XANOATE 8.61 7.41 -13.8 0.8 8.9 144 93
3057 HERCOFLEX 600 22,1 | 21.6 -2,3 0.1 1.2 35 6
3900 POLYBLYCOL E-300 35.8 30.5 -14.8 -0.4 0.7 247 49
- TRICRESYL. PHOSPHATE 38.4 I 5.t +33.0 0.2 12.9 30 0
3416 SILICATE FLUID (MLO 5277) 21.9 | 16.6 I ~40,5 0.1 6.1 95 0
3325 SILICONE FLUID (DOW CORNING) 7.28 l 7.72 +6.0 0.1 | 0.0 3% 6

PETROLEUM REFINING LABORATORY
SCHOOL OF CHEMISTRY AND PHY3ICS
THE PENNSYLVANIA STATE COLLEGE
STATE COLLEGE, PENNSYLVANIA

MARCH 25, 1953
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TABLE XIT

THERMAL, STABILITY OF VARIOUS TYPES OF HYDROCARBONS AT HIGH TEMPERATURES

TESTS ARE CONDUCTED FOR A & KOUR PERIOD USING A 25 GRAM CHARGE OF TEST FLUID. THE TEST TUBES ARE SEALED WITH A U-TUBE CONTAINING ArPRUXI-

MATELY 3 M_. OF TEST FLUID.
-APPROXIMATELY 1/4 LB./90. iN.

THE SEAL ALLOWS PASSAGE OF GAS OUT OR AIR IN WITH PRESSURE CHANGES CREATER THAR 4 INCHES OF FLUID -
PRIOR TO THE START OF THE TEST THE VOLUME OF TWE SEALED TUBE 1S REPLACED APPROXIMATELY 4 TIMES WITH

NITROGEN. THE NITROGEN IS INTRODUCED ABOVE THE SURFACE OF THE TEST FLUID BY MEANS OF A SEALEO-IN CAPILLARY TUBE,
— e —————
r TEST TEMP., | CENTISTOKE VISCOSITY AT [00°F. % L0SS NEUT. NUMBER {MG. KOW/GM. OiL)
TEST FLUID oF., ORIG. |  FINAL | % CHANGE | IN WEIGHT ORIG. | FINAL
T = |
NAPHTHENIC MINERAL O1L3 |
NECTON 42 [ESS0) oo(:l 32,9 | 16,2 -gg 2 0.0 | 0,1
NECTON 45 (ESSO) {I 4,7 iB.e | - A 0.1 0,
NECTON 55 (ESSO) -Ti0 .0 | .0 -68 0 0.0 | o0
HUMBLE PALE D "{ESS0) 740- 201 | 4.7 l =79 4 0.1 | 0.4
PARAFFINIC MINERAL OILS o) [ l |
EICOSANE (ATLANTIC REFINING) 60 % 20 2,01 . | -1 a 0.0 0.0
WHITE SCALE WAK (KEWDALL REFINING ¢0.] | 750 % 20 3,42(2) ‘ 3.28 -4 3 0.0 | ol
ARGMATIC MINERAL O1LS £ 10 ] : I ;
POLYAMYL NAPHTHALENES 700 2 139 | 135 | - 0 06 | o
SOVOLOID {J0CONY-VACUUM) 700 & 20 :3.9 | 2.0 +e 4 0.0 0,2
OLA TAR (E3%0) 700 £ 20 N 82,4 l q1 2 1 | ol
| e PSR S| e =
(1) TEST TEMPERATURE 1S DETERMINED BY THE TEMPERATURE AT WHYCH REFLUX 1S KOTEP WITH THE TEST FLUID, AS DECOMPOSITION OCCURS DURING THE

(2)

TEST, THE TEST TEMPERATYRE 1S REDUCED SO THAT A GENTLE REFLUX 19 MA{NTA{KED IR THE PART QF THE TEST TUBE WHICR 1S NOT YMMERSED 1N THE

HIGH TEMPERATURE BATH.

CENTISTOKE VISCOSITY DBTAINED AT 210°F.

PETROLEUM REFINI¥G LABORATORY
SCHOOL OF CHEMigTRY AND PHYS1CS
THE PENNSYLVANIA STATE COLLEGE
STATE COLLEGE, PENHSYLVAHIA
MAY 15, 1953
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THERMAL STABILITY OF SEVERAL FLUIDS

TABLE XIII

TESTS ARE CONDUCTED FOR A PERIOD OF 6 HOURS USING A 25 BRAM CHARGE OF TEST FLUID. THE TEST TUBES ARE SEALED WITH A U~TUBE CONTAINING

APPROXIMATELY 3 ML, OF TEST FLUID.
FLUID - APPROXIMATELY I/4 LB./SQ. INCH.
A TIMES WITH KITROGEN,

THE SEAL ALLOWS PASSAGE OF GAS OUT OR AIR IN WITH PRESSURE GHANGES ER#ATER THAN 4 INCHES GOF

PRIDR TO THE START OF THE TEST, THE YOLUME OF THE SEALED TUBE I3 WEPLACED APPROXIMATELY

THE NITROGEN 18 INTRODUCED ABOVE THE SURFACE OF *THE TEST FLUID BY MEANS OF A SEALED-IN CAP|LLARY TUBE.

CENTISTOKE V18003 ITY NEUT, NUMEER
PRL TESTTEMP,, | ==~ AT I100°F. = = = = = = - 4 Loss (Ma. KoH/eM. OIL)
NO, FLUID oF, ORIG. |  FINAL | % CHANGE IN E | GHT ORIB. |  FINAL

T [

3103 D1-2-ETHYLHEXYL SEBACATE 50 128 ' 2.8 0 2 0.1
3971 D1-2-ETHYLHEXYL SEBACATE 2.7 | 13 T 2 ol | z 3
3311 D1-2-ETHYLHEXYL SEBACATE 650 12.9 soL1D | - 5 0.1 12
3057 HERCOFLEX 600 0 T +I 2 0l I 0.4
3057 HERCOFLEYX 600 22, 22.4 | +l 0 a.! 2.1
3057 HERCOFLEX 60D 650 ez, | 93, | +5 8 0.1 | 142
3057 HERGCOFLEX 600 700 22,] 27.1 l +23 16 0.4 6.8
2031 NECTON 37 50 15.5 | 5.8 *® 2 0.9 ‘ 0.3
2053 NECTON 42 00 32.4 32,9 1 2 0.2 0.2
2054 NECTON 55 650 98,0 | 85.9 -12 9 0o | o2
2053 NECTON 42 700 32,4 1.2 -0 2 0.2 0.2
2054 NECTON 55 750 g0 | 3.0 | - 0 0.0 | 0.4

(1) APPROXIMATELY HALF OF THIS LO38 FROM THE THERMAL STAB)LITY TUBE WAS RECOVERED IN A DRY ICE TRAP,

PETROLEUM REFINING LABORATORY
SCHOOL OF CHEMISTRY AMD PHYSICS
THE PENNSYLVANIA STATE COLLEGE
STATE COLLEGE, PENNSYLVANIA
JUNE 30, 1953
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TEST COUDITIONS INCLWSE: TEST TEMPERATURE = 500 * §%F.: TENY TINE = § RO
CATALYST = GLASS WALLS OF TEST CONTAINER OMLY E
WOT ORLY 13 THE CATALYST AREA IMCREASED BUT TRE AR TENDS TO gE 8ETT

TABLE XIV
OXIDATION BEHAVIOE OF DI-RwETHYLHEYYL SEBACATE AT 5Q0°F.
PROCEDURES AMO TECEWIGUES 1N ACCORDANCE NITH GPEC, MIL-L-6987

CONYAGT BETWEEN AIR AND FLUID.

URS; AMOUNT OF TEST FLUIE A3 INDICATED:
XCEFT FOR CASES NOTED

TEST FLUID = DY-2-ETHYLMEXTL SEBACATE WiTH OR WITHOUT FHENGTHIATINE AS WOTED,

AIR RATE AS [NG1CATER:
» 1N CASES HAVING AN ADDITIONAL CATALYSTY,
ER DISPERSED RESULTING {N MDRE THT(MATE

AIR RATE, LITERE PER HOUR 5 [ T 10 10 {10 o 10 o T 10 w0 10
PHENOTHIAZINE, WT. % 0.5 | NONE | 0.5 | wome | wowe | wowe NONE 0.5 | WowE NORE 0.5 | wowe 0.5
ADBITIONAL CATALYST NONE | NONE | mOME | NOWE | wowE | moue - - NOME HONE . . -
TYPE - - - - = | - |GLAS3 BEADS [GLATS BEADS| (3} PTREL CHATM|STEEL cmaim{cy cain(cy cuaim
AREA, 80, CM. - - - - - | - 5% 75 - 2000 2000 1E85 1410
LIQUED CRARGED, GRAMD 8.0 | 8.0 [ 89,0 [ 89,5 | 90,0( 90,0 26,0 L o o1} 89 99
L1gOre !N TUBE FOLLOWING TEST, GRAMS 67.5 | 82,0 | 87.0 | 82,5 | 82,0] 62,5 3.0 (2] - 2 7 ay
APPROX AMDONY OF 0XYGEW SERPLieD, cpaes!!) 781 7.8 | 157 ] 157 | 15.7] 157 157 15.7 | 46.5 152 r 15 15,
APPRON, AMOUNT OF QXYGEW USED, sainsms 09| 1.9] 2 "E& > 1.2 g:o 5.3 | 157 13.3 u??{ o a}
APPROX. MOLES OF OXYGEN USED/MOLE OF ESTER o.14| o0.29] 03| o668 - | 0.6 2.3 1,06 | 1.53 Tl 1.50 1.2¢ 1.13
VOLATILE PRODUCTS 1DENTIFIED Agl(2) N ) ' :
CARBON DIOXIDE, ORAMS 0.3 .8 0.6 2,2 | 2,2 2.0 Z.o 1,9 1 9.6 2:9 %9 e 4.0
VATER, GHAME o.z 131 1) 2.2 19 1% ] 2.9 | 1.8 i E,g 4,; 4.5
HroRobARBON, GRANS 0. p2| 08| e8| 3| 59 3.7 e | 1.8 7.5 X; o 49
TOTAL VOLATILE PRODUCTS, GRAMS 1.8 *] 28] 9.2 T.5] 7.8 12,9 5.4 o2 17.5 15,1 l?.a 19.4
FROPERTIES OF LIQUED PRODUCT FROM TOAS:
CHANGE [N VISCOSITY AT
130°F. + 123 :g +H7 Rl [+0 +184 it SOLID | +404 BRID |+l62 +60
0°F, +5 1 2 2 b +i8 +I15 B0LID | +1000 SoLID |95 +108
WERT. NO. (M. KOR/eM, OML):
ORIGINAL Oud | 0.4 ] 0ut | 0.1 | o1 0.1 0.1 0.t Q,! 0.1 0.1 0.1 0.1
FINAL 5.5 ] 15.7 | 8.6 19,0 | 19.6] 145 34 28 28 18 27 B 9
ASTH ON1OM COLOR;

ORIBINAL 2 2 2 2 2 | 2 2 2 2 2 2 2 2
FINAL > 18 I3 1> | |z >e e > >e >8 > >8
WT. £ IMSOLUBLE MATERIAL TRACE |TRACE [TRACE JTRACE Pmace| o.02]  Tmace 65 | - 9.5 Wi W7 L5

PROPERTIES OF VOLATILE PRODUCTS:
WATER LAYER:
uvbwgu LAYER o i Bl ) o ' » 7 49 » " T
NEUT. ND. ) - tw |2 - |26 }=0 18 5 ;3 20 2 22
EROMINE NO. - i 21 ~__las z 4 5 21 29

()] AMOCKT OXYGEM SUPPLIED CALCILATED AS FOLLOWS: AIR RATE {L./RR AT 5.T.P.) K TIME (MR.) X

SETERMINED BY FREGUENT RAMPLING OF EXHAUST GASES AND AMALY3|S FOR 02,

THE AMOUNT OF OXYB
(2) WOLATILE PRODUCTS ARE COLLECTED BY PASSING EXHAUST CASES THRORGH A GRY |CE THAF,

ATR USED DOES MOT CONTAIR ANY APPRECIABLE AMOUNTS OF WATER OR CARBOM DYOX!DE.

{3) TEGT CARRIED OUT IN HIGA-PRESSURE STEEL BOMB, STEEL BOMB WALLS ARE OMLY CATALYYT,

PETROLEDM REFIRING LABORATORY
SCHOOL OF CHEMISTRY AMD PHYSICS

CONTENT (FRACTION) X 1,49 (em,/LiTER).
USED IS PLOTYED AGAINST TIME, (SEE Floumes 4, 5, At 6
DRIERITE, ASCARITE, AMOD ACTIVATED CHARCOAL.

AMOONT OF OXYGEN CONSUMED

1T HAQ BEEN DETERMINED TRAT THE

THE PENRSYLVMMIA STATE COLLEGE
STATE COLLESE, PERMSYLVANIA
Juy 1y, 1952
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TABLE XV
OXIDATION STUDIES AT 500°F.
PROCEDURES AND TECHNIQHES IN ACCORDARCE WITN SPEC. NIL-L~6387.

TEST CONDITIONS: TEST TEMPERATURE = 500 * GoF,s TEST TIME = 6 HOURS; AMOUNT OF TEST FLUID AS INDICATED{
AIR RATE = 10 * | LITERS PER HOOR; WO METAL CATALYSTS PRESENT IN SYSTEM.

TEST FLUID DESIGNATION, PAL NO. Nz;ggr Wi | Tmiem u’.ézg BLYEOL o5 ot nom v | o :3123“ 9300 25
TEST FLUID HEXYL 81-2-ETHYL HERGOFLEX MEXYL ETHYL POLYGLYCOL | SILICONE 01
SERACATE HEXANOATE 600 PHTHALATE | SEBACATE E£%00 (0w CORNING)
WT.4 PRENCTHIAZINE (NH]AITOR 0.0 ! 0.5 0.5 0.5 0.5 0,5 0.5 0.0
LIQUEID CHARGED, GRAMI 90,0 . 89.0 g9 98, 100,0 94, 110.0 {00,0
L1GDID IN TUBE' FOLLOWING TEST, GRAMS | 82,0 | 67.0 9&3 gﬁ.g 99.5 aa.; 109.5 100,0
YOLATILE PRODUCTS 10ERTIEIED As))
ATER, o * 2l 0 b o [ he ot 0.3
HYDROGARBON, BRAMS 9ol ofz I5 t.9 0.7 4:; 1.0 0.0
TOTAL VOLATILE PRODUCTS, GRAMS 2.5 I 2, 5.3 2.4 2.0 6.8 1,5 0.6
PROPERTIES OF LIQUID PRODUCT FROH TURE; I
CRANGE IN mcos:g‘ :T l | “ : |
; ®” + He + ¥
0°F, 52 l "t +19 ﬁ::’ i S0LID 80LID +26
ug;;s'::hm' KoK/an. ol 0,) 0.1 0.1 0,0 0.1 t.h ~0.4 0,0
FINAL 19.6 | 8.6 8.1 42 7.4 19.6 0.l 0.1
"“}“,"’.“2{' COLOR: ' \ |
R1GIN 2 2 I ] t 2
FINAL >8 >6 >8 >8 >8 >8 >8 2
WI. § INSOLUBLE MATERIAL TRAGE | TRACE 0.4 TRAGE 0.5 TRACE 0.1 TRACE
PROPERTIES OF YOLATILE PRODUCTS: |
WATER LAYER:
NEUT. NO. - | 50 15 2 19 59 - -
HYDROCANBON LAYER:
NEUT, MD. 26 12 148 tol 9 95 4 -
BROMINE NO, 85 T 9 3 95 7 - -

(1) YOLATILE PRODUCTS ARE COLLECTED BY PASSIHG EXHAUST GASES THROUGH A ORY ICE TRAP, MlERlTEi ASCARITE, AND ACTIVATED CHARCOAL. {T HA3 HEENM
ED THAT THE AIR USED 0! .
DETERHIN AIR USED DOES NOT CORTAIN ANY APPRECIABLE AMOUNTS OF WATER OR CARBON DIOXIDE THE PEKNSYLVANTA STATE COLLEGE

PETRCLEUM REFINING LABORATORY STATE COLLEBE, PEMRSYLVANIA
SCHOOL OF CHEMISTRY ANB PHY3ICS MARCH |0, 1952
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OXIDATION STUDLIES AT 500°F.

TARLE XVI

TEST CONDITIONS INCLUDE: TEST TEMPERATURE = 500 ¥ 5oF.. TEST TIME = 6 HOURS; AR RATE = 10 ¥ | LITERS PER HOOUR: TEST FLUID CHARGED = 100 ML,:
CATALYST = 9 MM. €LASS BEADS; CATALYST AREA = |500 (M.

OF OXYGEN CONSUMED DETERHINED BY FREQUERT SAMPLING OF EXRAUST GASES AND ANALYSIS FOR Op,
{2} VOLATILE PRODUCTS ARE COLLECTED BY PAS3ING EXHAUST GASES THROUGH A DRY (CE TRAP, DRIERITE, ASCARITE, AND ACTIVATED CHARCDAL.

DETERMINED THAT THE AIR USED DOE3 NOT COMTAIN ANY APPRECIABLE AMOUNTS OF WATER OR CARBOW DI0XIDE,

EXCESSIYE L033 BELIEYED TQ BE DUE TO LEAKY IN SYSTEM.

PETROLEOM REFIRING LABORATURY
SCHOUL OF CHEMISTRY AND PHYSICS

TEST FLUID PRL 9109 PRL 3976 PRL 2057 PRL 3177 PRL 9970 PRL 2974
nt-2- Di-2- HERCOFLEX | POLYETHYLENE | DIPROPYLENE | VOLTESSD
ETHYLHEXYL ETHYLHEXYL BLYCOL SLYCOL Di- 96
SEBACATE PHTHALATE Di-2-ETHYL~ | PELARGOMATE
HEXANDATE
PHENOTHIAZ INE, WT.% NORE | 0,8 NONE 0.5 0.5 0.5 0,5 NONE
LIGUID CHARGED, GRAMS 90.5 90.0 95.g 5 93.0 94,5 91,0 85.5
LIQUID CHARGED, MOL® 0.21 0.21 0.25 0.25 21 - 0,21 70,22 0,34
LIQUID IN TUBE FOLLOWING TEST, GRAMS 76,0 32.5 78,0 5 9.5 18,5 83.0 7.5
¢ RECOVERY (BASED ON TOTAL CHARGE) g5 (4) o (4 % o 9% 95
APPROX. AHOUNT OF OXYSEN SUPPLIED, a?mstl) 5.7 15.7 15.7 15,7 I g_7 |5,? I 3_7 15.7
APPROX, AMOUNT OF OXYGER USED, GrAms(l] 8.8 5.9 7.2 2.8 i 1. o4 8.3
APPROX. MOLS OF OXYGEN USED/MOL OF ESTER 1,3 0.9 0.9 0.4 1.0 1.0 0.9 0.8
VOLATILE PROBUCTS !N COLD TRAP
WATER LAYER: WEIGHT, GRAMS 2,0 .0 2,0 2.0 3.5 8.0 4.6 6,0
NEUT. NO. 28 49 L] 7 72 172
HYDROCARBOR LAYER: WEIGHT, GRAMS 4.8 3.5 Bk 0.8 1.6 5.6 5.5 8.0
NELT. WC. Ll 25 9§ 16 91 2 au 5.1
SROMINE WO, 68 9 39 ] - Ja 5 2.0
VOLATILE PRODUCTS [N ABSORPTION TuBES|2)
CARBON DIOXIDE, BRAMS 2.7 1.79 %427 o.nz 2.4 3.55 2.67 0.87
WATER, GRAMS 0.27 o.;z o.g 0.1 0.0 0.03 0,20 0.1
HYDRDCARBOK, SRAMS 0.02 0. 0. 0,12 0,46 0,24 0.52 0.24
TOTAL, VOLATILE PRODUGTS, Grams{9) 2.9 9.4 14,8 3.3 B.2 17.5 19.5 15.9
PROPERTIES OF LYQUID FRODUCT FROM TUBE :
CHANBE 1N VISCOBITY AT 6
1909F, 4 + 7 +id 0 + 7 +155
}gr. Ag +136 7 +38 +240 +27 +130 +1%0
WEUT. NO. [MG. XOH/GRAM OJL):
ORIGINAL 0,1 l 0.1 0.3 0.3 0.0 1.5 0.3 0.
FINAL 26 26 18 Ig 14 16 t
WT.% IHBOLUBLE MATERIAL TRACE I 0.3 3.9 0.8 TRACE TRACE 0.4 TRACE
ASTH UKIOH COLOR:
OR1G IHAL 2 2 1 2 2 2 1 2
‘ FINAL >4 >8 >8 >8 >8 >0 >8 8
TTT AMOUNT ORYEEN SUPPLIED CALCULATED A5 FOLLOWS: AIR RATE [LoJWR AT 5.7.P.] K TINE [WR.] X Op CONTENT (FRACTION) X 1.13 {6M.JLITER). AMOUNT

£ AMOUNT OF OXYGEM USED 15 PLOTTED AGAINST TIME,
. 1T BA3 BEEM

P] THIS FIGURE |8 THE TOTAL VOLATILE PRODUGTS INCLUDIKG THE LIQUID3 IN THE COLD TRAP AND THE QASES ARSORBED IR THE ABSORPTION TUBES.
1

THE PENNSYLYARIA BTATE COLLEGE

STATE COLLEBE
NOVEMEER 28,

PENHIYLYANIA

1952
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TABLE XVIT
OXIDATION STUDIES AT 500°F. WITH METAL CATALYITS
TEST CORDITIONS [NGLUDE; TEST TEMPERATURE = 500 % 59F,; TEST TIME = § HOURS; AIR RATE = (0 ¥ | LITERS PER WOUR; TEST FLUID CAARGED = [DO ML.;

TOTAL CATALYST AREA = 1500 CH.©; CATALYIT =~ 50/50 COPPER-STEEL JACK CHAIN.
I

CK-~7

(li AMOUNT OXYBEN SUPPLIED CALCULATED AS FOLLOWS: AIR RATE

GF OXYGEN CONSUMED OETERMINED BY FREQUENT SAMPLING OF EXEAUST GASES AND AMALY3!S FOR O
{2) VOLATILE PROPUCTS ARE COLLECTED BY PASSING EXHAUST GASES THROUGH A DRY ICE TRAP
DETERM INED THAT THE AIR USED DOES MOT GONTAIN ARY APPRECIADLE AMOUNTS OF WATER Eﬂ

P) PRL 9103 IS A FLASTIC|ZER GRADE EETER, FRL 3045 I3 A DISTILLED GRADE ESTER.
4) EXCESSIVE LOGE BELIEVED YO BE DUE TO LEAKS [N SYSTEM,

PETROLEUM REFININD LABORATORY
SCROOL OF CHEMISTRY AND MRY3ICS

DRIERTTE,
CARBON DIOXIDE.

L./HR. AT S.T.P.) X TIME (KR.) X Op CONTENT {FRACTION) X [,49

TEST FLUID L9109 PR 9045 | PRL 057 | PR 3176 | PRL NN PR 9370 | PRL 2973
11-2- (3) | oi-2- (3)] oi-2- HERCOFLER [IRICTAVLERE |POLYETHYLENE |DIPROPYLENE | vOLTE3SO
ETMYLHEXYL  [ETHYLREXYL | ETHYLHEXN 600 BLYOOL sLYCOL Bi- | sLycoL 0i- %6
BERACATE SEBACATE PHTHALATE 0i-2-ETHYL 2-ETATL PELARGONATE
HEXANDATE |  HEXANOATE
PRENOTHIAZINE, WT.% 0,5 0.5 0.5 0.5 0,5 0,5 0,5 MONE
L10UID CHARGED, ERAMS 90,5 l 90.0 89,5 | 93.5 |9s.5 97.5 94.5 | 95.0 [94.0 92.0 85.0
LIQUID GHARGED, MOLS 0.2] .21 0.2¢ 0.24 0,24 0.2 0.24 | o0.21, 0,21 .22 0.9
LIQUID IN TUBE FOLLOWING TEST, GRAHS 7%0 | 61,5 2.0 | 85.0 |88.0 92,5 84,5 | 88.0 |“f 84.5 7545
& RECOVERY {BASED OX TOTAL CHARGED) 95 b7 %8 % |95 9% 9% 9 | gald) g2 97
APPROX. AMCUNT OF OXYGEN SUPPLIED J 15, i 15,7 |15. 15. 15, 157 1 15.7 15 l
APPRGH, AMOUNT 06 OFYGEW UoFD. aub 1] tﬂ I ?.g g'; ; il 2! g; ;-{ 3.6 ook g:;
APPRCX. MOLS OF OXYGEW USED/MOL OF ESTER 1.3 1.0 1.2 0,7 ' 0.9 0.9 1.0 0.8 | 1.5 15 0.9
VOLATILE PRODUCYS IN COLD TRAP: | |
WATER LAYER: WEIGHT, GRAM3 4,5 3.0 3.0 3.0 | 2.5 32.5 4,0 .51 LS %0 6.5
NEUT. WO, 3.2 ’ 4l » 62 55 n l - % 2
HYOROCARBON LAYER: mgar’,‘osm 2:.3 23.6 9.6 4o | 2.4 0.8 b E.z 0,8 2.4 3.4
. MO, 22 181 - 8. !
oaT] Bgomﬂms 0. (2) 18 23 16 g ; 2.2 10 2.3 | - %.5 1.1
YOLATILE PRODUCTS IN ABSORPTION THBES:
CARMON DIOXIDE, GRAM3 4.87 %7 .95 | 9.9%] 2.20 %7l 5,80 |.49| 3.8h g.os 1.80
WATER, GAAMS 0,95 0.46 0.1 0.87| o0.05 0.23 0,28 0,63, 0.16 A H 0.9
HYDROCARGON, GRAHS 0.45 | 0.25 0,15 | 0.3 0,38 0,23 0,22 uazl 0.02 0.23 0.37
TOTAL VOLATILE PRODUCTE, GRAMS 15,6 1.5 1.1 12,4 | 9.4 8.5 19,9 9.2 , 6.4 10.0 17.2
P Sl s s |
%z R - B b R T O - - A
. + - + + +220 SoLIp.
NEUT, MO, (MGS. KOH/GM. OIL): 3 ? P ! " 9 ’ ?
ORIGIHAL 0.1 0, 0.1 0.3 ; 0,3 a,! 0.8 0.8 | 0.8 0.3 0.1
FimaL 9.0 H,0 8.9 2.8 {102 8.3 4.9 26| 3.1 1] -
AS.T.M. URION COLOA;
. N R AR E
F
AR e Bl Il Bt Bl M B Bl B B
STEEL o 1025, 40, 10,9 | w.z] 004 sz 0.2 | w0.2) 0] W 0,12
COPPER -aizol 0,1 ~0.10 | ~0.46]-0.29 ~0,20 20,29 | -0.34] =127 i -0.0

GM, JLITER], AMOUNT

THE AMOUNT OF OXYGEN UBED |8 PLOYTED ABAINST TIME.

ASCARITE, AND ACTIVATED CHARCOAL. LY HAS BEEN

THE PENNSYLVANIA SYATE COLLEQE

STATE COLLEGE
DECENRER (0, 1952

PERNSYL VAN IR
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TABLE XVIIT
OXIDATION STUDIES AT 500°F.

TEST CONDITIONS IMCLUDE: TEST TEMPERATURE = 500 * 5°F.; TEST TIME = 6 HOURS; AIR RATE = 10 % | LITERS PER HOUR; TEST FLUID CHARGED = |00 ML.;
CATALYST SURFACE = 1500 0. CH. (50:50 COPPER:STEEL JACK CHAIN).

TEST FLUID PRL 3382 PRL 3416 PRL 3383 PRL 3325 PRL 3358 PRL 3357
5 ILICATE-BASE BILICATE-BASE SILICATE-BASE | p.C. SILICOME | 6.E. 31LICONE |6.E. SILICGNE
FLUID (MO 5277) I FLUID (MLO 5277) | FLUID (MLO 6226) 0iL 0IL 0IL
L10UID CHARGED, GRAMS 87.5 88.0 88,0 102.0 98.0 95.0
L10UID CHARGED, HOLES 0.18 0.18 0.24 - “ -
L1QUID [N TUBE FOLLOWING TEST, GRAM3 ;2 73.0 56,0 102.0 96,5 97.0
% RECOVERY (BASED O TOTAL CHARGE ) (3) g5 97 9 a8 39
APPROX. AMOUNT OF GXYGEN SUPPLIED, wails“) 15.7 15.7 15.7 15.7 15.7 15.7
APPROQX. AMDUNT OF OXYGER UBED, grans () 2.8 3. 7.1 0.3 0.16 i .16
APPROX, MOLES OF OXYGEN ussu/uou OF ESTER 0.5 0. 0.9 - - -
VOLATILE PRODUCTS IN COLD TRAP: :
WATER LAYER: WETGHT, GRAMS 0.5 1.0 2.0 TRAGE TRACE TRAGE
KEUT. NO. 5.9 8.3 14.7 - - -
HYDROCARBON LAYER:: WE{GHT, GRAMS 3.6 1.6 3.2 TRACE TRACE TRACE
NEUT, BO. 7.3 5.7 8.7 - - -
- “BRONHAE NO. - 457 -2, 2. - - -
VDLATILE PRODIH:TS 1 ABSDRPTION TuBES ;(2) :
CARBOW DIOX1DE, GRAMS 0,76 1.10 1.42 0.13 0.11 0,13
CARBON nouuxwe aRAMS - 0.6 le7 TRACE TRACE TRACE
WATER, GRAMS . Cod 0.00 0.00 0.08 0.00 0.04 0.06
HYDROGAREON, GRAME . . 0,07 0.02 5.02 Q.02 0.00 0.00
TOTAL VOLATILE PRODUSTS, anma ! 5.0 9.7 36.4 .15 Q.15 0.19
PROPERTIES OF L10UID FROM TUBE: ) .
$cmuc£ IN ¥18CO8 ITY AT ' L .
5. o +#22 +id +&78 w7’ +2 +3
' 0°F, +48 +4b +2190 +15 +3% +]
NEUT  NO, (m wujsmu urL) - )
ORIGINAL : .l 0.4 0.1 0.1 0.1 0.0°
i FINAL ! 0.9 .0,8 18.0 Dok 0.1 0.0
A8 r . UNION COLOR:
, © ORIGIMAL 2 2 2 | l |
F IRAL . >B >8 P 2 P g
WT.% INSULUBLE MATERIAL 0.5 1.0 0.% HOME NORE' ‘NONE
CHANGE .IN WT, OF CATALYST (Ma./e¥.2) :
STEEL +0.16 +. | +0.08 +0,0t 0.00 +0,02
COPPER +0,05 0.1 «0.07 +0,04 +0.04 -0.20

(V] ANOUNT OXYGEN SUPPLIED CALCOLATED AS FOLLOWS: AIR FATE (L, JHR. AT S.T.P.) X TIME (KR,) ¥ On CORTENT (FRACTION) X 1.43 (GM./LVTER). AMOUKT
OF OXYGEN COMSUMED DETERMINED By FREQUENT 3AMPLING OF EXHAUST GASES AND ANALYS1S FOR O ?nﬁ AMOUNT OF OXYGEN USED 13 PLOTTED AGAINST TIME.

(2) VOLATILE PRODUCTS ARE COLLECTED Br PASSINGE EXHA)ST GABES THROUGH A DRY ICE TRAP, DHIER?‘IE ASCARITE, AND ACTHVATED CHARCOAL, 1T HAS BEEN
DETERMINED THAT THE AMR USED DOES NOT CONTAIN ANY APPRECIAGLE AMOUNTE OF WATER OR CARBON BIOXIDE.

(3) EXCESSIVE L0SS BELIEVED TO BF DUE TO LEAKS |N SYSIEM, THE PENNSYLVANIA 9TATE COLLEGE
PETROLEUM REFINING LASORATORY . | ; . STATE COLLEGE, PENNSYLVANIA
JCHOOL OF CHEMIS AHD PHYAICS . ! ' JANUARY 1 |§5

. - L] ] J
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TABLE XIX

OYIPATION STUDIES AT 500°F. WITH METAL CATALYSTS

TEST CONDITIONS [NCLUDE: TEST TEMPERATURE = 500 % GoF.; TEST TIME = 6 HOURS; AIR RATE = 10 % | LITERZ/IOUR; TEST FLUID CHARGED = 100 ML.; AND
CATALYST SURFACE = 500 80. CM. (50350 COPPER-STEEL JAGK. CHAIN),

- s == == ——- - s
TEST FLUTD PAL 3103 PRL 910313 PRL 3325 PAL 3424
DI~2-ETIVLHEXYL D1-2-ETIYLHERTL DOW CORNIAG 50 H'r.é 01-2 ETAYLUEXYL SEBACATE
SEBACATE SEBACATE SILICOE OIL | + 50 WT.% DOW CORNING 8IL|CONE OIL
| PIENOTHIAZINE, WT,% 0.5 0,5 - 0,5
LIQUID CHARGED, GRAMS 90.0 90.0 162.0 95.0
LIQUIG CHARGED, MOLES a.zi 02§ - .
L1QUID IN TUSE FOLLOWING TEST, GMS, 8.5 81.5 102.0 19.0
< RECOVERY (BASED ON TOTAL cuReE) 97 94 99 83
ARPROX. AMOUNT OF OXYGEW SUPPLIED sma(ll 15.7 IZ.‘] 15.7 15.7
APPROX. AMOUNT OF OXYGEN USED, BRAMS 7.0 8 b.9 .0
APPROX. MOLES OF OXVGEN USED/MOLE OF ESTER 1.0 b - -
VOLATILE PRODUCTS [N COLD TRAP:
WATER LAYER: WE IGHT, GRAMS 3.0 2.5 TRAGE 2.0
NEUT, KO, I 93.8 - 97
HYDROCARBON LAYER: WEIGHT, GRAMS 3.6 3.6 TRAGE L4
NEUT, 0. 28 28,9 - 16
BROMINE O, 23 12.7 - -
VOLATILE PRODUCTS IN ABSORPTION ToaEs; (2!
CARBON DIOXIDE, GRAMS 97 1.59 0.1% 0.46
CARBON MONOX1DE, GRAMS ok : TRACE .
WATER, GRAMS 0,45 0.80 0.00 0.29
HYDROGARRON, GRAMS 0.25 0.43 0.02 0.40
TOTAL VOLATILE PRODUCTS, GRAMS 12.5 8.9 0.15 7.8
PROPERTIES OF LIQUID FROM TUBE:
£ CHANGE IN V/SCOSITY
AT 130°F. +0 +22 +7 +4|
AT “0eF, +15 w4 +15 +17
MEUT. NO. (MB. KOH/SM. DIL):
OR 16 | HAL 0.1 0.1 0.1 0.1
FIRAL 11,0 9.0 0.4 10.5
A.8.T.M. UN1ON COLOR:
CRIGINAL 2 | -
FINAL >8 - 2 -
Wi.% INSOLUBLE MATERIAL 2.5 9.5 HONE 5.8
CHANGE IN WT. OF CATALYSTS {MG./CH.2) :
STEEL +0.22 +0,23 +0,01 40,57
CORPER -0,16 -0. 11 +0.04 -0.13

(1) AMOUNT OXYGER SUPPLIED CALCULATED AS FOLLOWS: AIR RATE (L./HR. AT 9,T.P.) X TIME (HR,) X. O CONTEKT (FRACTION) X 1,43 {GM./LITER). AMOUNT
OF OXYGEN CONSUMED DETERMINED BY FREQUENT SAMPL INE OF EXHAUST GASES AND ANALYSIS FOR 0,. ?HE AHOUNT OF OXYGEM USED 18 PLOTTED AGAINST TIME.

(2) VOLATILE PRODUCTS ARE COLLECTED BY PABSING EXHAUST BASES THROUGH A DRY IC2 TRAP, DRIER?TE, ASCARITE, AND ACTIVATED CHARCOAL. IT HAS BEEN
DETERMINED THAT THE A[R USED DOES NOT CONTAIN ANY APPRECIASLE AMOUNTS OF WATER OR CARBON DIDX|DE.

{3) THE JACK CHAIH CATALYST USED IN THIS OXIDATION TEST WAS TAKEN FROM A PREV|OUS 5u0®F. TEST WITH DOW CORNING BILICONE OIL (PRL ¥325). THIS
CATALYST WAS UNIFORMLY COATED FOLLOWING THE PREVIOUS TE3T. THE PENNSYLVANIA STATE COLLEAE

PETROLEUM REFIRING LABORATORY STATE COLLEGE, PERNSYLYANIA
SCHOOL OF CHEMISTRY AND PHYS((S FEBRUARY 27, i953

12asE WH YOVN
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TABLE XX
OXIDATION AND CORROSION PROPERTIES FOR VARIOUS SYNTHETIC FLUIDS AT 500°F.

TEST PROCEOURE AND TECHRIQUES IN ACCORDANCE WITH SPEC. MIL-L-7808,
TEST CONDITIONS INCLUDE: TEST TEMPERATURE = 500 ¥ 5°F.; TEST TIME = 24 HOUR3; AIR RATE = 0.6 LITERS PER HOUR: TEST FLUID = 100 ML.; AND CATALYST =
i INCH SQUARES EACH OF COPPER, STEEL, AND ALUMINUM.

TEST FLUID PRL 3161 =~ A 3PEC, HIL~L-7808 TYPE FLUID {FREPARED COMMERCIALLY)
PRI, 3405 = 9.0 WT.% ACRYLOID HF-25 + §.0 WT.% PARANOX 441 [N DI-2-ETHYLHEXYL SEBACATE.

TEST FLOID PRL 3103 - PRL 9101 - PRL 3405 | PRL 305 | PRL 3176 | PRL 3370 | PRL 2850 | PRL 3416 | PRL 3325
ni-2- BATCH ATCH + 0,5 ¥T.% | HERCOFLEX | TRIETHYLENE | DIPROPYLENE 0l- SILICATE | SILICOME
ETHYL- | 698} ! 5380 DIMETHYL 600 BLYCOL sLYCOL BUTOXY~ BASE {n.c,}
HEXYL | ACID DI-2-ETHYL- |OIPELARGONATE | ETHYL | HYDRAULIC -
SERACATE I PHOSPH I TE HEXANOATE SEBACATE | FLUID
PHENDTHIAZINE, WT.% 0.5 - = - 0.5 0.5 0.5 0.5 - -
LIQUID CHARGED, BRAMS 90 0 | % 89 97 g5 9l 95 89 101.5
LIQUID CHARGED, MOLS 0.21 0,24, 0,21 0.2) 0.18 0.19 0.22 0.23 0.18 -
L1ouID L0838, Wh.% 2 o | - 0 3 3 - 2 I
APPROX., AMOUNT OF 0, SUPPLIED 1 3.78 3.78| 3.78 2.78 3.78 3.78 8 3. 3,78 3,78
APPROX. AMOURT ur'u';‘ uﬁn,'sné.ﬁ‘? : 1.96 l.asl f10 | 1,29 0.% 1451 |'.Eg 0. 0.72 0.38
APPROX. % OF 0, USED 3 33 | 29 9 26 40 43 18 19 10
HOLS OF O,/MOLEOF FLUID 0,21 u.|6I g.16 0.19 0.17 0,25 0.23 0.09 0,08 -
* cmg: 1';'1,03}3“’3'” +7 21 20 70 +2 + +3 42 31 +20
AT C0oF. 7 -2 | -70 +9 +10 28 - -26 +38
REAT. :gfal{:;: oB/an. Q) 0. 0.2 l 0.1 0 0.1 0.0 0.2 1,6 0.0 0.1
FINAL 6.0 5. | 8.5 95. a.6 4.3 £0.7 6o 0.4 0.1
WT.% INSOLUBLE MATERiAL 0.1 TRACE  TRACE 0.9 TRACE 0.4 0.1 TRACE 0.2 NONE
FIMAL CATALYST CONDIT!OK I
APPEARANCE
COPPER CORRODED |  DULL | CORRODED  DULL oueL, DlLL DULL pULL BILL ouLL
STEEL ouLL DULL oULL COATED oULL, plLL CORRODED ouLL puLL oULL
mfu“:l?gg : DL DULL | UL ouLL DULL DuLL puLL UL puLL DULL
WT. (M6.[90. oM. :
COPPER 0,25 0,12| 0.2 0,14 0,04 0,05 0,06 0,00 0.00 0.12
STEEL, +,02 a.02! +0.07 10,56 0.0l +,05 0.61 40,02 +0,03 .02
ALYMINUN 0,01 0.00] 0,00 +0, 10 0.00 +0,02 0,04 +0.01 +0,02 0.02

{1) AMOUNT OXYSEN SUPPLIED CALCULATED AS FOLLOWS: AIR RATE (L,/HR, AT S,T.P.] X TIME {HR.] X Op COKTERT [FRACTION] X |43 (6M./LITER}, AMOUNT OF

OXYGEN CONSUMED DETERMINED BY FREQUENT SAMPLING OF EXHAUST GASES AND AKALY3IS FOR Og.

PETROLEUM REFINING LABORATORY
SCHQOL OF CHEMISTRY AND PHYS|C8

THE PENNSYLVARIA STATE COLLEGE
STATE COLLEGE, PENNSYLYAMIA
HAY 13, 1953
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TABLE XXT
OXIDATION AND CORROSION PROPERTIES FOR VARIOUS FLUIDS AT 500°F.

TEST PROCENURE AND TECHNIQUES IA ACCORDAMCE WITH SPEC, MIL-L-6387.
TEST CONDITIONS INCLUDE: TEST TEMPERATURE = 500 % 5°F,; TEST TIME = 24 HOURS; AIR RATE = 0.6 LITER/IIOUR; TEST FLUID = 100 ML.; AMD CATALYST = A
| INCH SQUARE EACH OF COPFER, STEEL, AND AL HIII

TEST FLUIDB: THE FOLLONING TEST PRL DESI6. FLUID APPROX, €8, VISC. AT J0O°F,
FLUIDS ARE ALL LOW POUR M)NERAL PRL 9134 VOLTESSD 96 9
OIL FRACTION3 HAVING viscos Ty PRL 2053 HECTON 42 32
LEVELS SHOWN. PAL 2732 RECTON 45 a5
TEST FLUID PRL 3439 | PRL 3440 | PRL 3134 | PRL 2053 PRL 2702 PRL 2782, HECTON 45,
14DCPOL INDIPOL | VOLTESSD NECTON 42 NECTON 45 (SILICA GEL TREATED)(2
powaliniua POLYBUTENE 3 CUT KO, || CUT KD, 3
L-10{1 L-50{1) .
OXIDATION IMHIBITOR, WT.% - - - - = | 1.0 PHENYL - | -
: ALPHA
| HAPHTHYLAW $HE |
L1QUID CHARGED, GRAMS 8l 7 g4 86 87 | 87 83 Y
LIUID LSS, Wi 9 15 ' 2 0 | 0 2 | I
AFFROX, AMOUKT OF 0, SUPPLIED ?#)l (3) 3.78 3.8 3.78 3.78 3,78 ] 3.7 | 3.78
APPROX, AMOUNT OF °z USED, M3 2.27 1.93 2,84 1.70 2.04 0.87 2.0 1.5]
APPROX. % OF 0, USED 60 51 76 45 s¢ | e 53 | 40
MOLS OF 02/426 ous. OF 01L{4) 0.38 0.93 0.45 0,26 0.31 0.13 0.32 0.24
% CHANEE IN Y13C03ITY I |
AT |30°F, +15 +12] +15 +g +12 ull +10 +14
AT 0oF. +69 +539 +43 : - | - T
KEUT, WO, (M6. KOH/eM, OIL) |
ORI INAL 0.0 0.0 0.0 0.1 | 0.1 0.0 0.0
FINAL 0.6 0.7 1.6 17 0.4 1.5 | 1.5
WT.% INSOLUBLE MATERIAL TRACGE TRACE TRACE TRACE I TRAZE TRACE TRALE
FINAL CATALYST COKDIT 10K | |
APPEARANGE
COPPER 0ULL pULL dULL COATED COATED | COATED BRIGHT | ouLL
8TEEL DULL puL), DULL DULL oULL DULL DULL DuLL
AL UM tNUM DILL BRIGHY DULL BRIGHT DULL DULL BRIGIT BR(GHT
WT. 1038 (M6./S0. CM.) | |
COPPER .02 +0.02 +0,02 +0. 2 +0,10 +0.10 0.00 ‘ +0.06
STEEL 0.02 +0.08 0.02 0.00 0.02 +,02 0.00 0,00
ALUN{HUM 0.02 0.01 0.01 0.00 0.00 | 0,00 0.00 | 0.00

THE OIL WAS PERCOLATED THROUGH A SILICA BEL COLLMA.

AMOUNT OXYGEN SUPPLIED CALCULATED AS FOLLOWS: AIR RATE (L./HR. AT 9.T.P.) X TIME (HR. ) K Op GONTERT {FRACTION) X 1.43 (GM./LITER), AMOUNT
OF OXYGEN USED 13 DETERMINED BY FREQUENT SAMPLING OF EXHAUST BASES AND ANALYSIS FOR

THE MOLS OF 0o FOR 426 GRAM3 02 OIL HAS BEEN TABULATED AS A COMHON BASIS FOR CONPARING THE AMOUNT OF 0p ABSORRED. THE MOLEGULAR WEIEHT OF
D1=2-ETHYLHEXYL SEBACATE IS 42 (CONGLUDED ON NEXT PAGE)

(Is THIS FLUID WAS OBTAIMED FROM THE IKDOIL CHENMICAL COMPANY, CIICASD, ILLINOIS,
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TABLE XXIIT
OZIDATION STUDIES WITH DI~2-ETHYLHEXYL, SEBACATE AT 500°F.

TEST PROCEDURE AND TECHNIQUES |N ACCOROANCE WITH 3PEC. HIL-L-GJB"[.
TEST COMDITIONS INCLUDE: TEST TEMPERATURE = 500 ¥ 5°F.a TEST TIME AS INDICATED; AIR RATE =5 % 0,5 LITERS PER HOUR; TEST FLUID CHARGED = 100
H

M..; AND CATALYST = A | INCH SQUARE EACH OF COPPER, STEEL, AND ALUMINUM,

TEST FLUTD ~ = = ~ 0.5 WT,% PHENOTHIAZINE [N DI-2-ETHYLHEXYL SEBACATE (PRL 3207) - = - -
TEST TIME, WOURS i2 20 10 40 0
L1QUID CHARGED, GRAMS 9.0 90,5 50.0 90.0 9.0
LIQUID LOSS, WT.% I 7 9 5 0
AFPROXIMATE AMOUNT OF 0, SUPPLIED, ?u?.(” 15.7 26.2 99.3 52.4 8.6
APPROXIMATE AMOUNT OF O, USED, cMS,[! 3.5 5.8 8.7 (1.6 17,4
MELS 0, USED/MOL OF ESTER (426 GRAMS) 0.52 0.86 t.30 .72 2,60
4 CHANGE N VISCOSITY 2
AFTER REMOVAL OF OIL INSOLUBLE MATERIAL(2) )
AT 130°F, +18 i +116 +164 soLin{4
AT R L +0 18 . 4240 +328 soLip{4)
AFTER REMOVAL OF §SOPENTANE INSOLUBLE MATERIAL(3)
AT 130°F, +| +4 +51 HA5 +50
NEUT. NO. (M. XOH/aM. DIL}
ORIG1HAL 0.1 0.1 0.1 0.1 4.1
FIRAL 8.4 5.4 16.8 17.1 36,2
Wr.g OIL INSOLUALE MATER(AL{2) TRACE 0.1 0.8 0.9 -(4)
WTi% (0PENTANE NSOLUBLE MATERiAL{%) 1.4 4.8 6.9 8.7 25
FINAL CATALYST CONDITION
APPEARANCE
COPPER | ouLL uLL puLL CORRODED CORRDDED
BTEEL LL ouLL COATEQ DULL CORRODED
ALUHIHUS BATEHT BRIGHT BREGHT BRIGHT ARIOHT
WT. L0SS (M3./80. CH.)
COPPER 0.08 0.10 0.07 0.75 0.52
STEEL, 0.00 0.07 +0,29 0.05 3,26
ALUNINUN 0.00 0,00 0,00 0,00 0,09
(1) AMQUNT OXYGEN SUPPLIED CALCULATED AS FOLLOWS: AIR RATE (L./WR. AT 5.7.P.) X TIME (HR.] X O CONTENT (FRACTION) X 1.43 [GM./LITER),

AMOUKRT OF OXYGEW CONSUMED DETERMINED BY FREQUENT SAMPLING OF EXHAUST GASES AND ANALY313 FUR 0g,

(2) ©OIL INSOLUBLE MATERIAL 1S REMOVED BY CENTRIFUSING OXIDIZED FLUID {MMEDIATELY AFTER GCOMPLETIOR OF TEST.

WITH A LOW BOILING PETROLEUM MAPHTHA AND DRRED BEFORE WEIGH [NG.

(3] THE ISOPENTANE INSOLUBLE MATERIAL 13 REPORTED AS THE UM OF THE OIL INSOLUBLE NATERIAL PLUS THE |SOPENTANE INSOLUBLE MATERIAL,

THE OIL INSOLUBLES ARE WASHED

150~

PENTANE TNSOLUBLE MATERIAL 13 DETERMINED BY DISSOLYING A AMPLE OF OXRDIZED FLUID (FROM WHICH THE OIL INSOLUBLES HAVE BEEN REMIVED) IN

JSOPENTAKE AND WEIQRING THE [NSCLUELE MATERIAL WHICH SETTLES OUT.

(4) OXIDIZED FLUID WAB AN INTIMATE WIXTURE OF INOLUBLE MATERIAL AMD OXIDIZED LIGUI0.

DILUTION,

PETROLEUM REFINIH6 LABORATORY
SCHOOL. OF CHEMISTRY AND PKYSICS

OIL INSOLUBLES GOULD HOT RE DETERMIRED WiTHOUT

THE PERHSYLVANIA STATE COLLEGE
STATE COLLEGE, PENNSYLYAN)A

RaY 13, 1953
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TABLE XXIV

OXIDATION STUDIES WITH A MINERAT, OTT, FRACTION AT 500°F.

TEST PROCEDURE AND TECHHTQUES 1K ACCORDANCE WITH 3PEC. MIL-L-6337,

TEST CONDITIONS IKCLUDE: TEST TEMPERATURE = 500 % 5°F,; TEST TIME AS INDICATED; AIR RATE = 5 T 0,5 LITERS PER HOUR; TEST FLUID = 100 ML,;
AND CATALYST = A | |NCH BQUARE EACH OF COPPER, STEEL, AND ALUMINUM.

TEST FLUID PRL 2782 = MECTON 45, A NAPITENIC MINERAL OIL OF 44,6 CENT|STOKES VISCOSITY AT [00°F, OBTAINED FROM THE GTANDARD GLL COMPANY OF

J2IFSE WL VOVK

NEW JERSEY.
R e RN S PRL2JBZ = = m m = mmmm mm mm = = .-
TEST TIME, HOURS 6 20 40 [l
LIQUID CHARGED, GRAMS 89,0 90,0 88,0 89,0 89,0
LIQUID LO3S, WT. % d 3 8
APPROXIMATE AMOUNT OF Op SUPPLIED () . 26,B 3.3 524 65.
APPREXIMATE AMOUNT OF Oy USED, arkus ] [i; .2 2.3 10.5 ]
GRANS 0, UBED/GRAH OF 0IL ¢ 0.02 0,06 0.05 0,12 0.15
MOLS 0p-usED/426 araMs oF 0IL(6) 0.24 0.77 .20 1.57 1,95
% CHAMGE IN VIBCOSITY '
AFTER REMOVAL OF OIL INSOLUDLE MATERIAL(2)
AT 190°F, 9 +86 +568 soL1pf4) soLipf4)
AFTER REMOVAL OF 1SOPENTANE INSOLUBLE MATERIAL() '
AT 150°F, +15 +5 -2 - -
NEUT. NO, {MB. KOW/aM. OIL)
ORIGINAL - 0. 0.1 0.4 0.1 0.1
FINAL 1,0 2.8 4,9 a.7 3,7
WT.% DIL INGOLUBLE NATER|AL(2} TRACE 0.3 50 -
WT.4 |SOPENTARE INSOLUALE MATERIAL{D) 0.4 4 5 49(5) 64(5)
FINAL CATALYST CONDITION
APPERRANCE
COPPER LL BULL COATED COATED COATED
BTEEL DuL . DULL BULL pILS, BULL
ALUHINUY BRIGHT BRIGHT BRIEHT DL ouLL
¥T, L038 (Ma./8Q. CM.)
COPPER 0,00 0.19 +0.12 40,12 +0,16
STEEL 0.05 +0,02 0,0 0.00 0.00
0,00 0,00 0.00 0,00 0,02
WR. AT 8.T.P.) X TIME (HR.] X Op CONTENT (FRACTION] X '.43 (6M./LITER], NT

OF OXYQEW CONSUMED DETERMINED BY FREQUENT SAMPLING OF EXHAUST BASES AND ARALYSIE FOR Op.

(2) DJL INSOLUBLE MATERTAL )3 REMOVED BY CENTRIFUGING OXIDIZED FLUID IMMEDIATELY AFTER COMPLETION OF TEST, THE DJL JNSOLUBLES ARE WASHED WITH A
LOW BOILING PETRCLEUM NAPHTI{A ARD DRIED BEFORE WEIGHING.

(j] THE JSQPENTANE JNSOLUBLE MATERIAL 18 REPORTED AS THE SUM OF THE OIL [NSOLUBLE MATERIAL PLUS THE ISOPENTAME INSOLUBELE MATERIAL. |SOPENTARE
(NSOLUBLE MATERIAL [8 DETERHIMED RY DIBJOLVING A SAMPLE OF OXIDIZED FLUID (FADM WHICH THE DIL INOLUBLES UAVE BEEW REMOVED) [N ISOPENTANE AND
WEIGHING THE [NSOLUBLE MATERJAL WHICH SETTLES O0UT.

{4 OXIDAZED FLUID WAS AN INTIMATE HIXTURE OF [NSCLUBLE MATER|AL AND DXIDIZED L1QUID. OIL JNSOLUBLES COULO NOT BE DETERMINED WiTHOUT DILUTICN,

5) THESE YALUES MRE WEIGHT PER CENT NAPHTHA |NGOLUBLE MATERIAL VALUES DETERMINED BY DILUTING THE OXIDIZEOD FLUID WITH BUCGESSIVE PORTIONS OF
PETROLEUM MAPHTHA ARD THEN CENTRIFUGINE,

(6} THE MOL3 OF Op FOR 426 GRAMS OF OIL HAS BEEW TABULATED A3 A COMMOH BASI3 FOR COMPARING THE Up ABSORBED. THE MOLECULAR WETGHT OF 0f-3-ETHYL-
HEXYL SEBACATE |8 426, THE PENNSYLVAKIA BTATE BOLLEGE

PETROLEUM REFINING LABDRATORY STATE COLLEGE, PENNSYLVANIA

9CHOOL OF CHEMISTRY AND FifYS1GS JUKE 11, (953

LS
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Test time at which viscosity and neutralization number begin to change rapidly, hr
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Figure 1. -~ Effect of temperature on oxidation

stability of di(2-ethylhexyl) sebacate (PRL 3371).
Technique and procedure in accordance with
MIL-1-7808. [ Air rate, 10 *.1 liters per hour;
test Pluid charged, 100 milliliters; metal
catalysts as specified. Test fluid, 0.5 percent
by weight phenothiazine in di{2-ethylhexyl)
sehacate.
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APPENDIX F

NACA RESEARCH ON ILUBRICANTS, BEARINGS, AND LUBRICATION
FOR HIGH-TEMPERATURE TURBINE ENGINES

By R. L. Johnson and E. E. Blsson
NACA lewis Laboratory

INTRODUCTION

Since many of the prevlious papers have discussed in consliderable deteil the
specific problems arising from engine operstion at high temperatures, these problems
will not be discussed further. Other dlscussion of problems and turbine-englne
requirements with respect to both bearings and lubricents are covered in references
1l and 2, respectively.

The objective of this paper is ‘to discuss briefly some of the NACA research on
various problems and posslble solutions. It should be noted that the problems with
respect to a short-time engine (such as an expendable englne for a guided missile)
mey be considersbly different from the problems for a long-time engine (such as an
engine designed for long life 1n aircraft a.pplications).

LUBRICANTS
Liquids

Miscellaneous properties. - The miscellaneous properties (such as viscosity-
temperature, high-temperature stability, corrosivity, and toxleity) have been dis-
cussed to some length in other papers and hence will not be covered herein. Some
of the properties of the fluids included in the NACA studles are, however, shown in
table I.

Lubricating effectiveness at high temperatures. - Studies were mede of the
lubricating effectiveness at high bulk lubricent temperatures of the various fluids
of table I. These studies are described in detail in reference 3. These studies
were made on en apparatus (fully described in ref. 4) shown schemetically in f£lgure
1. The specimens consist of a roteting steel disk (hardness, Rockwell A-50) and a
spherical-tipped steel rider (hardness, Rockwell C-GO) .

Dead-welght loading is used to spply the losd through the pulley system shown
in figure 1. The load used in this investigation was 1000 grams (initial Hertz
surface stress, 149,000 psi). Friction force was measured by means of four strein
gages mounted on & copper-beryllium dynamometer ring.

The experimental procedure consisted in starting each test with a new set of
friction specimens end 440 cubic centimeters of fresh fluid. The apparetus was
started simultaneously with the application of heat; and friction reedings were
taken at 45° F intervals, or more often if necessary. The average time required to
ralse the temperature of the fluid from 100° to S500° F was 55 minutes. ILubrication
failure was eesily determined during the experiment as an Increase in frietion
force, onset of insteblility in the frictlon readings, or audible chatter of the
sliding specimens; these polnts are indicated on friction plots to be discussed.
After the rums in which fallure occurred, visible surfece damage was observed. Pre-
liminary wear tests conducted with some of these showed that either unstable friction
values or an increase in the coefficlent of frictlion was accompanied by a sharp in-

crease in the rate of wesar.
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During the course of each experiment the following observations were consldered
most important:

(1) Onset of instabllity or & marked increase in the friction force.
{2) BSurface failure (incipient or mass) of the sliding specimens. G
(3) Thermal instability of the bulk lubricant.

In figure 2 are shown photomicrographs of surfaces which are considered typical
of those obtained with: (a) &ffective lubrication, (b} inciplent failure, and
{c)} mass failure. The specimens show, respectively: (a) no evidence of surface
distress, (b) slight evidence of surface welding and metal transfer, and (c) violent
welding and metal transfer. Interpretation of these resulis is based on the
knowledge that, becasuse of violent ggitation, there is considersble entrained air
in the lubricents, beoth in these experiments and in actual turbire engines.

Prelimlinery wear tests, conducted with some of these lubricants, showed thet
elther unstaeble friction values or an increase In the coefficient of frictlion was
accompanied by a sharp lncrease iIn the rate of weaer. Figure 3 presents data from
one of a series of experiments designed to correlate wear (qualitative) with friction
instabllity as 1t was encountered in most of the experiments with increasing bulk
lubricent temperstures. A dlal indicator wes attached to the loading system in
such a manner that it would measure displacement in the rider holder assembly that
resulted from wear of the rider. On the basis of lncremental displacement values
obtained during an experiment, cumuletive values of-wear volume were celculated.
These wear volumes are indicated in the wear curve of flgure 3. No eignificance
should be attached to absolute wear values; the trend of the curve was, however, -
reproducible and indicates that there is a definite relation between Instability or
a merked increase 1ln friction and a marked change in the rate of wear. The pre-~
liminary data of figure 3 were cobtalned wlth a heating rate spproximately one-half
that utilized in the rest of the experiments reported herein in order to accentuate
the wear dsta.

The results showing the effect-of temperature on friction of steel specimens
boundary lubriceted by the various synthetic lubricants of table I are shown in
figure 4. On each of the individual curves of flgure 4, the regions of effective
boundary lubrication, incipient surface fallure, and mess surface fallure are shown.
The petroleum lubricant grade 1010 (fig. 4(a)) is included for purposes of compari-
son. The compounded dlester of figure 4(b) is essentlslly a lubricant of the
MIL-L-7808 specification type. This lubricant does not quite meet these specifi-
cations, however, because of slightly excessive viscosity at -65° F (16,000 cs
measured as compared to 13,000 centistokes specification max.). The performance of
the base stock, dl-2-ethylhexyl sebacate, 1s shown in figure 5(a). As showm in &
comparison of figure 4(b) and figure 5(a), the compounded 3lester shows appreciably
better high-temperature performance than the base stock alone. The increased
lubricating effectiveness of the compounded dlester over that of the base stock at
higher temperstures is shown in figure 5 to be a function of the lubrication or
anti-wesr additive tricresyl phosphate (fig. S(c)) and is not dependent on the
presence of the oxildation imhibitor (fig. 5(b)) or the viscosity-index improver
(fig. 5(d)). The curves of figure 5 show that instability starts at the same tem-
perature for all except the solution of tricresyl phosphate in di-2-ethylhexyl
sebacate.

Comparison of the results (fig. 4) of the varlous f£luide of this investigation
shows that the phosphonate and fthe silicate appeer to be_promising for high-
temperature operation. The specimens run with phosphonate showed no surface distress
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throughout the entire tempersture range (to 572° F with one phosphonate ester). At
this temperature, however, the fluld refluxed violently, decomposed, and left a
reddish brown gel as a residue. The wear track showed no damage and very slight
wear but the surface of the steel specimen eppeared to be etched as if by ecid
wherever contact with the fluid had taken place. Chemical attack of the surfaces at
high temperatures is apparently a loglcal explanation for the lubricating effective-
nesg of this fluid, since visusl inspection of the different specimens operated

in two phosphonaste esters showed that considerable etching had occurred (ref. 3).

As previously mentioned, consideration of a short-time engine (for example,
an expendeble engline for guided missile application) would m=ke it appear thet the
phosphonate esters might be promising for relastively high-temperature operation in
splte of the fact that the fluids do cause corrosion. It is possible that the dis-
advantage of corrosion may be overbalanced by the abllity to Iubricate effectively
at high temperatures, particularly since the corrosive action would take place for
such a short period of time.

The tetra(2-ethylhexyl) silicate ester also appears promising for operation at
high temperatures. The silicate ester 1is, however, unstgble at bulk temperatures
of approximately 540° F. As a consequence, the NACA studies were limited to tem-
peratures of the order of 510° F. As repcrted in reference 3, the presence of an
oxidation inhibitor (phenyl-a-naphthylamine) appeared to heve no effect on the
lubricating effectiveness of the sillcate ester. The oxidation inhibitor elso
sppeared to have no effect on the high-temperature stability of the flulds at tem-
perstures of approximetely 540° P. There was no visible evidence of etching of the
steel specimens used in the experiments with the silicate esters. At this time
there is no explenation for the lubricating effectlveness of the silicate esters
at high temperatures.

The deta of figure 4(f) are for an NACA silicone-diester blend. Because of
the very good viscometric properties of the silicone-diester blends it 1s believed
these fluids will find particulasr epplication as turboprop power-reduction-gear
lubricants.

Unreported ball bearing experiments have demonstrated that by use of a drop
Jubricaetion method in the presence of air, silicone-diester blends will provide
effective lubrication at temperatures higher than those at vwhich a& compounded
diester fluid failed to lubricate. The effectiveness of the silicone-diester blend
gs & lubricant for high-temperature bearings may be assoclated with the formation
of localized decomposition products such as lacquer on the lubricated surfaces.
There will be further discussion of the performance of silicone-diester blends as
gear lubricants in a section on lubricatlion methods for gears.

The frictional results for e serles of water-soluble polyslkylene glycol fluids
thet vary in viscosity from 55 to 3520 SUS (8.9 to 762 centistokes) at 100° F are
shown 1n figure 6. The results obtained at the high temperetures show & definite
relation to some property commonly asssocisted with viscosity grade, since increasing
the viscoslity 1s shown to result In an lncrease in the region of effective boundary
lubricatlion. For exemple, incipient surface failure starts at 290° F for the 55-5US
fluid, whereas the 3520-SUS fluid shows inciplent surface failure sterting at 501° F.

It should be pointed out thet the meximum bearing temperastures for effective
lubrication with these flulds mey be substentislly sbove the bulk oil temperature
limits mentioned herein. In bearing lubrication, the oil is normally supplied at
low bulk temperatures and the oil residence time may not be sufficient so that
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high bulk oil temperatures are cbtained. In some bearing experiments, satisfactory
lubrication has been obtained with bedring temperatures approximately 200° F higher
than the bulk lubricant failure temperature reported herein.

Lubricating effectivenesg at high sliding velocitles. - Studles reported in
reference 5 of the lubricating effectiveness of many of these fluids at high sliding
velocities showed that, with some exceptions, there is a genersl correlation between
the limiting temperature for effective boundery lubricetion end the limiting
sllding veloclty for effectlive boundary lubrication. That Is, those fluids which
showed high limiting temperatures also, in general, showed high limiting sliding
velocitles.

3338

Solids and Gases

Since liquids are inherently temperature-limited, it 1s possible that there
may be considerable promise in the use of elther solld or gaseous lubricants for
the extreme high-temperature application. Solids can be obtained which are eilther
steble at the elevated temperatures or whose Instebility does not adversely affect:
the frictional properties of the surfacee to be lubricated. There will be more dis-
cussion of these two lubricant types in a subsequent section on lubrication methods
for bearings.

Tempergture Ranges for Various Iubricant Types

A summary of the possible lubrlcants for operation over the four temperature
ranges 1ls shown in table II. As shown, petroleum lubricants of the MIL-0-6081A -
type are suitable for temperature range 13 synthetic lubricants (presently, dlesters)
of the MIL-L-7808 type are sultable for temperature range 2; solids, gases, or
liquids (possible future synthetics or liquids irn closed systems) may be sultable
for temperature range 3 and, in all probeblilty, only solids and gases will be
suitable for the extreme condlitions of temperature range 4. 8Solid lubricants such
88 MoSg or grephite, may be utillzed in an airmist system where the solid lubricant
is suspended in a fluid such as sir and continuously supplied to the bearings at a
very slow rate (of the order of ounces per hour). As indicated in table IT,
additional research is required on high-temperature stability and high-temperature
lubriceting effectiveness of-lubricants for temperature ranges 2, 3, and 4.

BEARTNGS
Materials for Races and Rolling Elements

Miscellaneous physical properties. - The physical properties and requirements
of bearing materials for operation at high temperatures have been adequately dis~
cussed in this conference and in a paper by Frank Wellons which is included in
reference 1. Based on the requirements, the various molybdenum tool steels appear
to show considersble promise as high-temperature bearing materials. These steels
have good hot herdness and dimensional stebillity at elevated temperature, although
they do require considersbly longer grinding times that SAE 52100 steel.

Fatigue properties. - Since, as is shown in reference 1, the anticipated re-
quirements for bearings for future high-speed, high-temperature engines involve
high thrust loads, high DN values, and high temperatures, it is obvious that the
fatigue life of the bearing material must be adequate to permit operation of these b
bearings under these conditions over extended periods of time. All the requirementa
tend to make the fatigue problem more difficult and it is possible that the fatigue

life of bearings msy become a very definite limitation to the 1life of the engine.
L]
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As & consequence, NACA has Ilnitiaeted fatigue studies in an apparatus designed
by E. F. Macks and described fully in reference 6. The fatigue spin rig is showm
in figure 7. Essentielly the apparatus consists of a raceway A which is resiliently
mounted in the horizontal plane on toothpick springs B, & vertically adjustable
nozzle assembly C, and a vertically adjusteble bottom plate D. Pressurlzed air,
entering at E, causes two or more balls to rotate within the racewey. The spent
alr is allowed to escape at F. The speed of ball rotetion is controlled by
adjusting the pressure of the alr entering at E.

Under proper conditlons of operaition, the balls 1ift from the boltom pla.te to
ride hour after hour at an equillbrium position on e vertical raceway well.
Acceleration, gyroscopic, and aerodynamic forces apparently provide the lifting
and requlred stebilization. An analysis of this phenomenon wes unsuccessful because
‘of the unknown serodynamic forces.

Inasmuch as a pair of balls, or a trio of balls of proper mass ratio, rotate
in dynamic equilibrium, since the balls do not touch any surface except the raceway
wall, the loads at the respective contact areas between the balls and the cylinder
may be determined with precision. These loads are caused by the centrifugal forces
resulting from the orbital motion of the balls about the racewsy eaxis.

Rolling motlon under elastlic deformation occurs between the surfaces in contact.
A representative ball path obtained in the fatigue spin rig 1s shown in figure 8.
The ball path shown was obtained by rotating & pair of O.5-inch-diameter chrome
steel balls at an orbital speed of 28,000 rpm within a 3,310-inch-bore, ungrooved .
tool-steel raceway for sbout 7 minutes, which resulted in 1,358,000 ball cycles.
No lubrication was provided. The primsry rolling lines and sliding contact bands
associated with rolling under elastic deformation are clearly visible. Similer
contact bands occur on the racewsy. The wldth of the complete contact band as
calculated (0.038 inch, approx.)} checks favorably with experimental Ffindings (0.041
inch, approx.), the experimental values being sbout 8 percent higher.

The stresses produced in the subject apparatus bear the same relation to load
as do the stresses 1in g loaded ball bearing. Surface compressive and tangential
stresses and subsurface shear stresses sre imposed at the contact area and within
the stressed volume, respectlively.

Stress frequencies to over 10 million cycles per hour and stress magnitudes to
over 700,000 pounds per square inch (calculated, Bertz) have been obtained. For the
path shown in figure 8, the maximum celculated surfece pressure was 735,000 pounds
per squere inch. The magnitudes of the imposed stresses are varled by adjustment
of the drive-alr pressure to change the speed of ball rotation. The stresses can
be varied at e glven frequency of szpplication by changing specimen geometry. The
apperaetus can also be operated with high smbient tempersature in order to determine
fatlgue life at elevated temperatures.

Experiments in progress at the present time are designed to compare the
fatigue life of M-1 molybdenum tool steel to that of SAE 52100 steel at a tempera-
ture of 225° F. Additional studies are belng made of: (1) the fatigue 1ife of
M-1 tool steel at 450° F and (2) the effect of nonhomogeneity of the material
(such as grailn direction in the ball as & result of the processing methods).
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Materisls for Cages

Physical properties and requireménts. - As shown in reference 1, the reguire-
ments for cage materlals are as follows:

(1) Adequate strength at low and at high temperatures (present cage materials
seem to be adegquate, at low temperatures only, in this regard)

(23} Corrosion resistance
(3) Compatibility
(4) Thermsl expsnsion coefficient approaching that for the race mesterial

Of these requirements, that of compatibility is probably the most important
and possibly the most difficult—to obtain practically. It 1s believed the friction
and wear problem will become more acute at high temperatures because of the ¢bvious
effect of high temperatures In reducing effective lubrication.

An additional factor of importance (to be discussed in the section "Cage and
Bearing Designs"} is that of friction coefficlent. (The studies of reference 8
show that high friction coefflcient can be detrimental to bearing performance by
inducing cage slip.) ' The appearance of cage breakage 1n high-temperature bearing
runs (to be discussed in & section on lubrication methods for bearings) indicates
that cage strength can be very lmportant under critical operating conditions.

Friction, welding, and wear propertles. - As & consequence of the importance
of the compatibllity problem, an investigation at high temperatures was conducted
of the friction, welding, and wear properties of various cage materials sliding
against bearing materisls of either the molybdenum toocl-steel type or the standard
SAE 52100 type. The latter meterial was used only for comperison purposes. In
all cases, selection of the caege materials was based as much as possible on the
three regquirements other than compatibility previously listed. It should be
emphasized that these studles provide fundemental information on the friction and
wear properties of materials-in bench tests. Additional studies are required in
full-scale bekrings both in test rigs and in actual turbine engines before final
conclusions can be made with respect to use of these materials.

The appsratus used for these studies was essentially similsr to that shown
in figure 1 and described in reference 4. The studies for vwhich results are
presented in figures 9 to 13 were performed dry, that is, with no lubricant present,
and the apparatus wes modlified so as to provide temperatures up to 1006° F by a
sultable furnace. (Some of the data of fig. 12 were obtained with lubricant.)

Flgure 9 shows the effect of temperature on friction and wear of a conventionsl
(Alcop) bronze, an iron-silicon bronze {Mueller 803}, and a cast pearlitic ncdular
iron. The bronze, which la a presently used cage material for aircraft turbine-
engine bearings, shows a continuous increase in friction with higher temperatures;
wear decreases with increasing temperstures to 450° F and then increases with
higher temperatures. Experlence has indiceted that sllding veloclties greater than
thet of-these experiments would shift any critical region (such as the minimum wear
point for the Alcop bronze) toward the origin on the temperature curve. Iron-
sllicon bronze showed no effect of tempereture on friction and wear at temperatures
below 600° F; at higher temperatures both—friction and wear increased. The
nodulsr iron had unstsble friction coefficients at temperatures of 450° F and lower
with spasmodic increases to values as high as unity; this friction behavior was
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not accompanied by high wear. Friction of the nodular iron decreased slightly with
increase in temperature, and sbove 800° F the friction was less than that for either
of the bronzes. Wear of the nodular iron lncreased slightly with temperatures of
800° F and gbove, but the trend of increasing wear was considerably less than for
the bronzes.

Previous data at high sliding velocities lndicated that nickel alloys can have
good resistance to wear and surface fallure under conditions where surface oxidation
can occur to form protective oxide f£ilms. It was suggested that this tendency might
become more pronocunced at high temperatures. Data for modified H monel, cast
Inconel, and Nimonic 80 are presented in figure 10. These materials have physical
properties that are not affected significantly by temperatures of 1000° F and
higher., In general, these materials had high friction coefficients thet decreased
with increasing temperetures. The materials also showed decreased wear with increas-
ing temperatures. The decrease in wear wlth increase in temperstures for H monel
was quite gradual but for both the cast Incornel and the Nimonic 80 abrupt changes
in wear retes were observed. As previously suggested, 1t 1s belleved that the
temperatures at which the low wear rates are obtained would be reduced by operation
at high sliding velocities,

The importance of surface oxides to the functioning of nickel alloys wes
demonstrated by making a run wilth cast Inconel at 1000° F in an atmosphere where
the avallebllity of oxygen was reduced by displacing air with argon. The wear wes
Increased by a factor of four, while only a slight increase in friction was observed.
Also, es shown in figure 11, when cast Inconel which previocusly had been run for 1
hour at 1000° F to form an oxide film was run an additional hour at room temperature,
the wear at room temperature (0.078x10~3 cu in.) was slightly less than one-tenth
thet cbtained with & new specimen at room temperature (0.917x10-5 cu in.). TFurther,
when an unused cast Inconel specimen was heated in molten caustic (NaOH) to obtain
a preformed oxide f£ilm and wes then run at room temperature, the wear (0.084x1.0~
cu in.) was also spproximately one-tenth that obtained under identical conditions
(0.917x%10-3 cu in.) with the untrested specimen of the same materisl.

The wear experlenced wlth cast Inconel having an oxide film sgalnst M-10 steel
at room temperature is less than one-fourth that obtained (0.447x10-3 cu in.) under
the seme conditions with the metal combination (Alcop bronze against SAE 52100
steel) currently belng successfully used in bearings of full-scale engines. Wesr
for the various nickel alloys at 1000° F in air was espproximately one-tenth that
for iron-silicon bronze and was approximately one-half that of the iron-silicon
bronze st 600° F. It is in the temperature range from 600° to 1000° F that nickel
alloys merit particuler comnsideration as cage materials.

It is suggested that 1t may be possible to obtein low wear both at low and at
bhigh temperatures by employlng & nodular-type cast iron containing 20 percent nickel
(N1 resist)., The combined effect of the free graphite from the nodules end the
possible surface £ilm of nickel oxlde could produce the desired result., An investi-
gation of this materlal will be made in the near future.

The high friction of all the materlels previously discussed is undesirable be-
cause 1t could cause excessive cage slip. Preliminary experiments conducted with
a hot-pressed iron-silicon bronze containing MoS, were unsuccessful because of high
wear resulting from poor physical properties; however, those experiments did show
significantly reduced friction coefficlents could be obtalned. This approach
appears promlisling and further research is ln progress to obtaln reduced weer as
well as lower friction for this type of msterial.
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Results of lubricated friction and wear runs at 450° F of-various possible cage
meteriels against M-10 tool steel obtalned at a sliding velocity of 120 feet per .
minute wilth a load of 1200 grams are: shown in figure 12. The lubricant was 4di(2-
ethylhexyl) sebacate plus 0.5 percent phenothiazine (oxidation inhibitor). Data for
these same materisls run dry against M-10 tool steel at 450° P are also included for
comparison purposes. The results show that, as expected, the lubricant served to
decrease both friction and wear for all except the conventional bronze. The bulk
temperature of the lubricent was so high that the specimens were believed to be
opereting in & range of incipient fallure of boundary lubrication where the compati-
bility of materials is very lmportant. The reduction in wear of the cast Inconel
is particularly to be noted since its dry wear was rather high.
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Since a number of promising tool steels have been considered for races and
relling elements of rolling contact bearings, data were obtained (fig. 13) showling
friction end weer properties of cast Inconel sliding against these various possible
bearing steels at both room temperature and 1000° F. Hardness of all steels was
from Rockwell C-60 to C-83 at room temperature. The data offigure 13 did not indi-
cate any important difference in the friction or wear of cast Inconel againet SAE
52100 as compared to the verlous tool steels of equivalent hardness.

Cage and Bearing Designs

It-has been shown (ref. 7) that considerable improvement in the operating
characteristics and, in particular, in the limiting speeds of a beering can be
obtained by proper cage and bearing design. For example, in reference 7 it 1s
shown that the combination ofan outer-race-riding cage with a straight-through
outer race (inner-race-guided rolleria) glves the best over-zll performsnce. The
better performance of this design over both the conventional inner-race-riding cage
type and the conventional outer-race-riding cage type with outer-race-guided rollers
18 & result of the relative eamse of Jubrication and cooling and of the adequate cll
flow (exit) paths which minimlize oil. churning and friction losses. That 1s, the -
design principle emphasized in these results seems to be that of providing for easy
flow of lubricant into, through, and out of the bearing. Under these conditions,
both adequate lubrication and adequete cooling are obtalned; this result tends to
extend the limiting speed values. It 18 possible that application of-this design
principle will also assist In extending the high-temperature limitations.

In the studies of reference 8 1t was shown that cage sllip is extremely detri-
mental to bearing performance particulerly under high-speed conditions. It was
also shown that the use of a cage material which has a high friction coefficlent °
might be particularly bed from the standpoint of inducing slip under extremely high
gpeeds. These results would indicate that another extremely important property cf
a cage materlal is that of-meintalning low friction coefflclent under the expected
conditions of operation. This polnt was not completely appreciated before the
results of reference 8 were obtained, since it was felt that friction coefficient
in itself was not a particulerly impbrtant factor as long as the other performance
charecteristics of the cage material were satisfactory. It should be emphasized,
however, that the friction coeffilclent 1s of primary importance only insofar as it
influences slip within the bearing.

Temperature Ranges for Various Bearing Materials -
A summary of the possible bearing materlsals Cboth for rolling contact and for

cages) for operation over the four temperature ranges 1s given in table II. As
_shown, the present race and rolling element meterial (SAE 52100) arnd the present cege
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meterial (silver-plated bronze) are suiteble for temperature range 1. Likewise, the
present bearing materials may be used in the interim until more information is avail-
able on the other materiels for temperature range 2; this is, hoyever, only an Interim
measure and the molybdenum tool steels and other cage materials (such as nodular

iron end nickel alloys) mey be used in the near future. For temperature ranges 3

and 4, the rolling contact bearings will undoubtedly employ tool steels for races

and rolling elements and nickel alloys, and nodular iron or other specilal materiels
for the cages. Very little 1s known gbout the ‘performence of these materisls under
these conditions; in consequence, much additional research is required (fatigue as
well as friction and wear research) in temperature ranges 2, 3, and 4.

IUBRICATION METHODS
Bearings

Liquids. - The standerd method employing llquid lubricents in a solid-jet
lubrication system 1s well known. The limitatlons of this system are a function of
both the stability of the liquid lubricants at high temperature and the bhearing
designs, as previously mentioned. Thus it may be possible to extend the high-
temperature limitations slightly by use of liquids of betier high-tempereture stabil-
1ty or by improving the cage and beering designs so as to permit free flow of
lubricant through the bearing. )

Solids. - Solids msy be used for lubrication in essentially two manners: (a)
by including the solid &s a minor constituent of the material to be lubricated, and
(b} by an alr-mist system similar to that described in reference 9 or mixed with a
volatile liquid carrier.

The principle of lubrlcation of materlals at the Interfece of two rubblng sur-
faces by use of material within the structure of one of the two rubbing surfaces is
well known. Many leaded materlals such as the leaded bronzes are belleved to
operate in this fashlon, and cast lron is a good example of this type of meterisl
since 1t 1s believed to be lubricated by graphlte from within the structure.
B8imilerly, materials cen be made by the powder-metallurgy technique which employ,
es & minor constituent, solld materiels thet are excellent lubricants. Results
obtained on materials of this type (containing molybdenum disulfide, Mogy as the

solid lubricant) sre included in reference 10. As this reference shows, mixtures
of sllver, copper, and MoSgz were quite effective in producing low frietion and low
wear under certain optimum concentrations of molybdenum disulfide. Under the
conditions of the experiments of reference 10, this optimim concentration was
approximately 7 to 10 percent. These results show that, even under extreme con-
ditions of operating dry, it is possible to cbtaln moderate wear rates, complete
gbsence of welding, and moderately low friction coefficients.

The results of reference 9 show that 1t 1s possible to obtain adequate lubri-
cation of rolling contsct bearings under elther high temperatures (up to 1000° F)
or at high speeds (up to DN values of 1,000,000). Unfortunately, it was not
posslible in the preliminery investigetion of reference 9 to comblne the two variebles
of high temperature and high speed, eince the test rigs were limited in either case.
The air-mist system of applyling MoS,; showed enough promise in this prellminery
investigation to warrant edditional research under the conblned condltions of high
speeds and high temperatures once a rig is obtailned which 1s not limited in these
respects.

Gases. - Because of the possible limitation imposed on englne life a.nd/or
engine design by the fatligue life of rolling contact bearings and of the limitations
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imposed by inadequate high-temperature lubrilcants, hydrodynamic bearings employing
eir as the fluld have been considered as s posslble solution to the high-temperature
problem. Although the studles of reference 1] were limited to a nonrotating bear-
ing, they dld show nevertheless that the air bearing has some possibility for sup-
porting load in a relatively stable manner at temperatures of 1000° F, Also, an
alr bearing has the prime advantage of showing an increase of load-carrying capacity
a8 the temperature increases, 1ipn direct contrast to hydrodynamic bearings employing
liqulds which show a decrease in load-cerrying caspacity with an increasse in tem~
perature. It is bellieved that the eir bearing may have some definite place in the
field, in particulsr where the conditions of operation are so severe that rolling-
contact bearlings cannot be employed. Under these condltions, the advantages of the
alr bearing might outwelgh its disadvantegee of requlring smell clearances, careful
alinement, and a source of high-pressure air,

3338

Gears

It 1s generally sagreed that the losd-carrying capaclity of gears 1s increased
by using lubricents of greaster viscosity. As a consequence, for those gears such &s
turboprop engine reductlion gears which are highly loaded and which are operating
under marginal conditions of lubrication with present low-viscosity lubricants, it
would appear that a change to higher-viscoslity lubricants would be extremely desir-
able. This change can be performed ‘in two ways: (1) by relaxing the low-temperature
viscosity limits at present outlined in specification MIL-L-7808, and (2) by
providing e lubricent which meets specification MIL-L-7808 low-tempersture viscosity
requirements but which has lmproved viscoslty-temperature properties to such an
extent that the viscosity at elevated temperature 1s appreclably higher than that .
of the present lubricants. -

Present lubricants. - The present lubricants meeting specification MIL-L-7808
have lomd-carrying capacities on the Pratt & Whitney Ryder gear rig considerably
less then the value which has been indlcated to-be that desired for effective gear
lubrication in a typicel turboprop engine. This desired wvalue has been gquoted as
a load-carrying capacity eguivalent to that of grade 1100 petroleum Jubricent. In
order to obtaln a load-carrying capacity equivalent to grade 1100 with & diester,

a high-viscoslty £luld such as Esso laborstorles E.E.L.-3A 18 required. The vis-
cosity is such that—the fluid is not pumpable at -65°.F; in fact, it is impossible
to measure viscosity at this temperature because the level of viscosity is so high.
The 'quoted values of viscosity in centistokes for E.E.L.-3A are 7.6 at 210° F, 37.6
at 100° F, and 12,300 et -40° F. Whalle E.E.L. - 3A has sdequate load-carrying
capacity, it cannot be pumped at -635° F; therefore, some other type of lubricant

is necessary to meet both requlrements.

81llcone-diester blends. - The NACA silicone-diester blends similar to those
originally described in reference 4 may meet the two requirements of adequate load-
carrying caepaclty and pumpebility at low temperatures. One of these blends, 8D-17,
has e viscosity at -65° F of approximately 4000 centistokes and viscosity at 210C F
approximately the same as that of grade 1100 oll as shown in table III. Table III
presents data obtalned through the excellent cooperation of Pratt & Whitney Alrcraft
and shows that the various lubricant properties cther than load-carryling capacity
are also promising. The various methods of evaluation are described in reference
12. Two points. were noted by Pratt & Whitney: (l) high wear in the Shell four-ball
wear mechine, and (2) a high ash content. If the wear in the Shell four-ball wear
machine is truly significant, it is believed this value can be reduced appreciasbly
in the SD-17 blend by use of sdditives such as tricresyl phosphate. Data obtained
by Fenske at the Pennsylvanla State College (ref. 13, table 29) lead to the belief -
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that addltion of relatively small quantities of tricresyl phosphete will markedly
reduce wear as measured in the SBhell four-ball wear machine.

A high ash content must be expected wlth synthetic materiels that are basically
inorganic in nature such as sillicones. The important polnt to determine in this
regerd 1s whether or not this high ash content 1s actuslly detrimental to engine
performance. Such studies are now in progress at the NACA.

Table IV presents IAE gear-test data obtalned by the Esso Buropean Leboratories
through the very helpful cooperation of the BEsso lLaboratories Standard 0il Develop-
ment Compeny of Iinden, N. J. The data of table IV show that the load cgpaclty of
the NACA SD-17 sllicone-diester blend compares very favorably with grade 1100 oil
and the compounded dlester PRL 3313.

CONCLUDING REMARKS

On the basis of the existing data, there appears little likellhood of obteining
liquids which cen adequately lubricate bearings operating et temperatures of 1000° F,
While this view is subject to modiflcatlion based on the amount of cooling available
for the lubricent, it is belleved that it will be desirsble in the design of future
high~temperature engines to provide as little cooling for the lubricant as is
practiceble. Some of the dste show that considersble gain (up to 200° F) in high-
temperature lubrication by liquids cen be made by relsxing the low-temperature
specification, that is, by use of lubricants of higher viscosity. The use of solids
and geses as lubricants at temperatures of the order of 1000° F appears to show
some promise. Considerable research must be performed to prove both of these lubri-
cant types.

On the basis of the data avallsble, it sppears that promising materials exist
for use as rolling elements and races of rolling contact bearings. These meterials,
however, require more complete evaluatlion, particulerly with respect to fatigue.

Rolling-contact bearing cage materisls are already a problem in present englnes;
this problem 1s expected to become worse as temperatures increase. Some cage
materiels appear promising; here again, considerable research and evaluation is
necessary to establish the surface competibility of these materials with the bearing
race materlels.

Some galin in the performence cherecteristics and possible extensions in the
limitetions of existing rolling contact bearings cen be obtained by cage designs
which are based on the principle of providing an easy flow path of lubricant into
and through the bearing. The use of sllicone-dlester blends as gear lubricants may
be of decided advantage because the silicone-diester blends meet the dual requirements
of adequate pumpability at low temperatures and good load-carrying capasclty 1in gears.
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TABLE I. - FROPERTIES OF EXPERIMENTAL FLUIDS
Fluid Viscosity, A.8.T.M.| C.0.C. | C.0.C.
centistokes, at - pour flash fire
° ° ° point, point, | point,
-65° F| -40° F |100° F| 220° P oF oF oF
Petroleum:
MIL-0-608la (grade 1010)2 40,000 -==--- 9.95 2.47 <-70 300 -—-
Diesters:
Di(2-ethylhexyl) sebacate® 8,297 | ------ 12.78 3.32 <-70 440 472
Di(2-ethylhexvl} sebacate
plus additivesPsC:dse 16,000 2,700]| 20.8 5.3 <-75 450 475
Polyalkylene glycols (desig-
pated by viscosity at 100° F):
Water-soluble .
55 sUS (8.9 centistokes)®  |------ 1,800 8.9 2.4 -85 260 285
190 SUS (41°centistokes)® w==m== | 30,000 | 41 a.z2 -45 410 480
€660 SUS (143 centistokes)® |------ f26,000 143 26.2 =30 430 545
3520 SUS (762 centistokes)® |--—-en] —mmee- [762 120 -20 440 545
Water-insoluble '
50 SUS (7.4 centistokes)®:8 4587 205 | 8 2.52 <-70 270 335
Phosphonate: .
Dioctyl isooctene phosphonate® |--—--- 19,003 12.22 2.77 -90 -— -—
Silicate:
Tetra (2-ethylhexyl)
sllicate 1,400 260 | 6.8 2.4 <100 395 450
Silicone-diester blerd, SD-17
% di(2-ethylhexyl) sebacate®:D
plus % methylphenyl polysiloxane| 3,750 | 1,050 |42 l4.2 <80 450 500

(100 centistokes at 77° F)

8Measured values.

by percent methacrylate polymer.
©5 percent tricresyl phosphate.
40.5 percent phenothidzine.
®Manufacturer's data.

Tat -20° F.

&Conteins oxidation inmhibitor.
bparts by volume.

st -50° F.




TARLE II. - TYPICAL LUBRICANTS AND BEARING MATERIALS FOR VARIOUS TEMPERATURE RANGES

Temperature range 1 2 3 4
Maximum operating
temperature, °F
Bearing < 350 500 750 1000
Bulk lubricant 250 300 400 ———
Minimum tempera-
ture, °F -65 -65 -85 -85
Posgible lubri- Liquid- Liquid-diesters and Solids or gases
cants petroleums other synthetics Liquids in
open or closed
systems
Research required High temperature stabllity | High temperature stability and
on lubricants HNone and load-carrying capacity | lubrication in open or closed
{for turboprops) systems
Possible rolling
contact bearing
materials
For races SAE 52100 Tool steels
and rolling SAE 52100 (interim
elements haterial)
For cages Bilver-plated

bronze

Nickel alloys

Nodular iron

Silver-plated
bronze (interim
material)

Powdered metals with
s50lid lubricants

Regearch required
on bearing mate-
rials

For races

and rolling None Fatigue research
element mate-

rials

For cages None Frietion and wear research

2l
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TABLE ITI. -~ RESULTS OF PRELIMINARY PRATT & WHITNEY TESTS ON NACA SD-17 LUBRICART

13

Ash, mg/20 g
Additives, metels {spectroscopic)

4597 (23 percent)
Eesvy Si; Low Cu, Ag

Results of E&GA. Specification requirements
0il 8D-17 . PWA 521A
Lubrication
Viscosity, centistokes, at: :
-85° F 4242 13,000 maex.
-40° F 1175 3000 max.
100° F 42.59 11 min.
210° F 14.29 3 min.
Viscosity index 171 -
Pour point, °F -85 -75 mex.
Geer scuffing, 1b/in. 3700, 2675 1700 min.
Shell four-ball:
Min. loed for immediate selzing, kg 40 -
Weld point, kg 110 130 min.
Corrosion
Sulfur, percent 0.05 -
Neutralizetion mmber 0.00 --
Reection Neutral -
Copper-strip corrosicn Pasgsed No piltting
Corrosion-oxidation stability 2 No pitting; slight staln permitted
Corrosion, welght change, mg/cm +0.2 mex,
Copper - stained 0.10 - :
Bteel - stailned 0.06
Alumimm - passed 0.02
Magnesium - passed 0.09
8ilver plate - passed =~ =~ 77 0.05
Viscosity at 100° F, centistoke 43,29 -—
Change fram originel, percent +1.6 =5 to +15
Neutralizetion number 1.5 -
Chenge from original 1.5 1.0 max.
Average lesd weight loss, (MROC), g 0.0070 0.30 max.
Reutralization number (after MROC) 0.10 -
Corrosion:
Maliory 100 (wt. loss, mg) 8, 7 10 max.
Siiver (wt. loss, mg) 5 3 10 max.
Deposition
Precipitation number 0.05 -
Carbon residue, percent 2.22 -

Corrosion inhibitors and pour-
point depressants permitted

Panel coking (wt. inc., mg) 25 100 max.
Miscellaneous : -

Gravity, CAPI, sC° F 13.8 -
Gravity, specific, 60/60° F 0.9732 -
Saponification number . 74.3 --
Flash point, 455 365 min.
Fire point, °F 505 -
Low-temperature stability

(72 hr at -65° F) Passed |No separation, or gelling
Evaporation loss at 275° F, percent

by welght 0.515 10 max.

8Conteins PIZ (0.5 percent) only.
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TABLE IV. - RESULTS OF IAE GEAR TESTS
(PERFORMED FOR NACA BY ESSO EUROPEAN

COOPERATION OF ESSO LABORATORIES,

NACA RM ES54D2T

OR SPECIAL LUBRICANTS
LABORATORIES THROUGH

LINDEN, N. J.)

[2000 rpm: 1/2 pint/min: 90° C: B.S.En. 39 gears]

Lubricant =

Failure load as
percent of reference oll

Esso Aviation 0il 100 .

(grade 1100, petroleum, ref+oil)
Compounded diester

(FRL 3313)
Siiicone-diester blend

(NACA SD-17)

100

170
230
(no scuffing)

acee
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g Shaft rotation

Drive pulley

Frictional force

Dynemometer~ring e
strain-gage :
assembly —

P—

Lubricating f£luid

Beering housings

Disk specimen

Weight pan
Rider specimen:

Detaill of specimen‘s/
Cylindrical pyrex Jjar

Hot plate

Rotating disk
specimen

Rider specimen
Thermocouple
CD-3364

Figure 1. - Schematic dlegram of friction apparatus for studying
boundery lubricetion by bulk lubricants.
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Rider specimen Disk specimen

(¢) Mess failure Cc-31912

Figure 2. - Photomicrographs showling typical wear areas on
rider and disk specimens. X15.



3338

NACA RM E54D27 GINREARNTE 77

!
EBL >t ISF —»
N

.2
8 EBL Effective boundary lubrication
§ ISF Incipient surface failure
-l
&
Gt
c [

.1 S
4‘_:', o D T, — k
1}
o
[ 53
ol
&
3
[

4x1078
£
"4
) 2 p
23 B
4
&

_—  y—

600
3 2
E oo /K

> Y

% %>
+ p /
55“
(4]
H //(
,g 200
~ /
3 ,
A &)

0 20 40 60 80 100 120
: Time, min

Figure 3. - Relation between unstable friction (cross-hatched ares) and wear
for typical dlester lubricant at increasing bulk temperatures. Loed,
1000 grams; sliding veloclty, 120 feet per minute.
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EBL Effective boundary lubrication
ISF Incipient surface failure
MSF Mass surface failure
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Coefficient of friction

-8 EBL Effective boundary lubrication
ISF Incipient surface faillure
7 MSF Mass surface failure _ <
.2
Po c ) 0——
1 " v 4 (¢4 |
fe EBL r+t— ISF —ele— MSF
. ] I [
(a) Di(2-ethylhexyl) sebacate.
.3
.2
.v__v-——wﬂ-——v——%
.1 L F
e EBL ‘L{
Q l
(b) Di(2-ethylhexyl) sebacate plus 0.5 percent‘phenothiszine.
.3
.2
1 P B
L[: EBL —
0
{c) Di(2-ethylhexyl) sebacate plus 5 percent tricresyl phosphste.
1 a ld dq —_— ﬂ
. < £ - l
< EEL IsF —aﬁe—-— MSF
] ]
500 6

o} 100 200 300 400
Temperature, Op
(&) Di(2-ethylhexyl) sebacate plus 3.8 percent methacrylate polymer.

Figure 5. - Effect of temperature on friction of steel specimens boundary-
lubricated with dil(2-ethylhexyl) sebacate containing variocus additives. Load,
1000 grems; sliding velocity, 120 feet per minute.
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EBL Effective boundary lubrication
I8F Incipient surface failure
.3
.2
1 LS e e ® r
| EBL IsF
0 ! g
{a) 55 SUS at 100 F.
.2
g -l t‘ - -—h——-
2] =;, EBL | ISP
[+
3 N
a4 0
% (b) 190 sUS at 100° F.
g .3
{
Dal
v
Lol
B .2
8
(&
‘l l'"”"—& r
. u = o S, 1 1
fe EBL slet— ISF
0
(c) 660 8US at 100° ¥.
.2
. oto .
. v ﬁm
"““‘(IP-—Q-
e B e 15
4] 100 . . 200 300 400 500 600

Teinpera.’cure » Op
{4) 3520 sUB at 100° F.

Figure 6. - Effect of temperature on friction of steel specimens boundsry-
lubricated with series of water-soluble polyalkylene glycol polymers
having similar structures and differing only in viscosity.
1000 grems; sliding velueity, 120 feet per minute.
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Figure 7. - The fatigue spin rig .
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APPENDIX G

EIGH-TEMPERATURE BEARING PROBLEMS
By F. W. Wellons

In esteblishing material specifications for mein or sccessory case bearings in
the hot locations of new high-performance engines, it 1s first necessary to examine
the effect of time and tempersture on the physical and metallurglcal characteristics
of conventional SAE 52100 bearing steel. A through-hardened SAE 52100 bearing ring
which hes been oil-quenched from an austenitizing temperature of approximately
840° C will contain 4 to 7 percent residual austenite finely emulsified throughout
the martensltic structure. The rate of transformation for this residusl sustenite
to martensite can be increased by either tempering at elevated temperature or by
deep freezing in the -100° F range. Superimposed on the austenitic transformation,
which 1s accompsnied by e volumetric increase, there is a masrtensitic change of
state from a tetragonal to cubic structure that 1s accompanled by a decresse in
specific volume.

The response to temperature and time for a quenched SAE 52100 ring is
schematlically demonstrated by the several curves on flgure 1. A low-temperature
draw at 175° C is sufficilent for the martensitic state change, but an extremely
long time would be required to complete the breskdown of residual sustenite. If
the tempering temperature is increased to 200° ¢, the martensitic change is much
more repld and superlimposed on the austenltlic transformstlon. In thls cese the
total shrinkege 1s not 8o great as for the 175° C draw. At 240° C the initial
shrinkaege is almost instantanecus followed by & rapid growth reaching e maximmm in
gpproximately four houre. An additional curve is shown to indicate the low-
temperature austenltic transformation which results in a very hard, completely mar-
tensitic structure that would be essentislly unstable even et room temperature. If
the cold-treated bearing ring wes subsequently subjected to running temperatures
in the range of 175° C, the martensitic state change would be almost immediate,
ceusing a reduction in volume, that is, a shrinkage of the bearing parts; conse-
quently, & subsequent low-temperature draw after the deep-freeze treatment, as
indicated by the dotted line, is necessary for complete dimensionsl stebllity.
Iong-time tempering tests at 240° C on parts given the stebilizing treatments
described by figure 1 have revealed g decrease 1n specific volume which is generally
attributed to precipitatlion of carbides towerds a globuler structure. However, this
effect requires considerable time and 1s of no practlecal concern unless & bearing
initially stebilized at 250° C (4820 F) is intended for long-time service st tempera-
tures gbove 400° F,

A typlcal tempering curve for a serles of SAE 52100 specimens oil-quenched
from 843° C i1s shown in figure 2. FEach specimen was held at the indicated draw
temperature for 1 hour and the hardness measured after cooling to room temperature.
Comparing the curves of figures 1 and 2 shows that the draw temperature must teke into
consideration both the required degree of dimensionsal stabllity and the minimom
acceptable ring hardness. Though a cold treatment followed by a subsequent low-
temperature draw will give dimensional stebllity and at the same time a higher ring
hardness than obtalned through & single high-temperature draw, the metallurgical
transformation is so drastic that there 1s conslderable loss from cracked bearing
rings both during the quench and later when the bearings are in service. Conversely,
rings stasbilized by & 250° C draw wlll be softer than the cold-treated rings and
consequently more susceptible to ball and roller denting. Comparative endurance
tests on several lots of bearings, which were identicel in all respects except that
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one-half had been stabilized through a cold treatment and the other half had been
stebilized by a high-~temperature dray for & minimwm hardness of Rockwell C-58, did
not show any difference in endurance life.

A stabilizing heat treatment for SAE 52100, which specifies a 4-hour draw at
235° to 240° C, resulted in a hardness of Rockwell C~58 to C-6l. Although this
treatment assures adequate dimenslonel stability for operating temperatures up to
350° F, recent experience with high soakback temperestures after engine shutdown
demonstrated that 4 hours wes not sufficient for- complete stabilization. An 8-hour
cycle at 250° C for SKF No. 1 steel or 240° C for SAE 52100 is desirable for the
complete dimensional stebilization of bearings which are intended for operation
where the temperatures mmy reach 400° F or higher.

Heretofore, practically all concern for temperature effects on bearing geometry
has been centered on the turbine main shaft bearings, but in some new englnes
essentially standard ball and roller bearings supportlng the accessory drives are
either located in hot regions of the engine or are lubricated by hot scavenge oil from
the main bearings. Normally these smaller bearings 30 not receive a stabllizing
heat treatment because of their susceptibility to denting during manufacturing and
in service. Test-groups of typlecsl accessory cese bearings as shown in figure 3
were accurately checked for dlmensional change after various periods at 500° F, end
the average dismeter changes for the bearing rings as computed from averasge dlameters
of the bore and outside dimmeter are plotted in figures 4(a) to (e). The radial
looseness for each size radial 'bea.ring was checked by gage under a £5-kilogrem
measuring load after each tempering interval as shown on figure 4(f). Measurements
of less than 5 microns {(0.0002 in.) are probably due to yleld in the parts and dc
not reflect sctual internal clearance. Figure 4(b), covering & €910J ball bearing
is particulsrly interesting because the outer ring in this case does not receive
a stablillzing heat—treatment while the inner ring (So-mm I.D.) is regularly
stabllized. Hsrdness of the bearings of figure 3 1s shown in figures 4(g) and (h).

Although low-temperature conditlons are unusuvel far elther the mmin or gear
case bearings in alrcraft turbines, some bearings in the airplane or englne
accesgories which are used intermittently in flight might be Bu‘b,ject to outgide air
temperatures. Subzero tests with standard nonstabillized bearings did not show any
apprecisble dimensional change after 1 hour at either -40° C or -60° C but after
24 hours at -72° C the maximum growth amounted to approximately 0.00L inch per inch.

In the interests of economy, a program wes recently initlated to determine Iif
main shaft roller bearings currently made from high-temperature steel for operation
at 500° F could be replaced by suitably heat-treated bearings of SAE 52100. A
group of outer races made from SAE 52100 with a nominal outside diameter of—120
millimeters (4.7244 in.)} were numbered consecutively, then carefully messured on
the outside diameter and subjected to & tempering temperature of 800° F in groups
of four for 1, 2, 4, 8 and 16 hours, respectively. After this experimental temper-
Ing treatment, all groups were heated to 500¢ P for 1, 2, 4, 8 and 16 hours with
an outside diameter dimensional check after each cycle. Consequently, all rings
were subjected to & total of 31 hours at 500° F. The dimensional changes and .tinal
hardness produced by the 500° F soek were as follows:

3338
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Group | Tempering Av, Outside diameter change Av.
no. time at |Rockwell-C with time at 500° F in Rockwell-C
600° F, hardness 0.001 mm (0.00004") hardness
hr
lbhrf{2hr|4 br}{ 8 hr |16 hr
1 56.1 -0.1|-0.3[-0.6]-0.7 |-1.4 56.1
2 2 56.0 o} +0.1 | +0.4 | +0.1 [+0.3 56.0
3 4 55.2 0.1] o0 +0.1] o $0.1 55.2
4 8 55.0 +0.1]-0.2 | -0.2 |4+0.4 |+0.3 55.0
5 16 55.0 +0.35 | 0.4 | +0.4 |40.4 |40.4 55.0

From this teble it will be noted thst rings tempered at 600° F for times vary-
ing from 2 to 16 hours were quite stable after 31 hours at 500° F. As tempering
times in excess of 2 hours at 600° F appear to have no influence on the dimensional
stability at 500° F, 2 hours at 600° F, which appeared to have a slight hardness
advantage, was selected for the sample roller bearlings furnished for actuel engine
testing.

At the meeting of the Subcommittee on Iubrication and Wear in Merch 1953, a
summery wes distributed describing studies of high-temperature materials for tur-
bine maln shaft bearings; the hot hardness curves (fige. S5 and 6) have been prepared
to supplement that information. The No. 3 sieel is the same as SAE 52100, while
1l and 2 are of similar snalysis with slight modifications for improved deep-hardening
charecteristics. The M series steels are well known in the high-temperature field
and ere covered in deteil through the data presented at the last subcommlittee meei-
ing. The last four ateels listed on figure 5 are proprietary analyses thst elther
have been conesldered or have actually been used for high-temperature applications
in current engines. Filgure 6 was prepared to demonstrate the difference in hardness
for the three asnalyses normally used for turbine main bearings in the as-quenched
state and also after recelving a stabilizing heat treatment. For the stabllized
rings the hot herdness is essentially unaffected at temperatures up to the tempering
range, after which it falls off at the same rate as for the quenched but nontempered

ring.

One of the most promising developments for improving ball and roller bearing
reliebility through better material cleanllness has been the erectlion of several
furnaces for melting and pouring metals in a vecuum. In this process the desired
anelysis can elther be bullt up in the furnace simllarly to electric furnace practice
or stock of the desired analysis can be remelted. Preliminary tests with ball
bearings made from vacuum-melted SAE 52100 have been completed and further tests
are belng conducted to determine whether the endurance life is superior to that of
conventional SAE 52100. The average life for a test lot of 6303 (45-mm-bore deep-
groove ball bearing inner races made from vacuum-melted steel) was rated average to
poor when compared to similar results for rings made from commercial SAE 52100.

The life for 1309 (100-mm-cutside-dlameter self-aligning bell bearing ocuter races
made from vacuum-melted SAE 52100) was comparable to results obtained in the
leboratory with the best heats of conventionally melted bearing steels. However,
the most lmpressive results have been with several bearing sets of O0.5-inch-diameter
vacuum-melted steel balls which are still running after each ball set has failed
one or more race sets. Normally, a set of balls previously run ln a bearing where
the rings have spalled wlll fall before flaking of the second ring set. Ball
fallures in such cases are aggravated by fragment denting from the prior raceway
spalling, so that the survivel of the vacuum-melted steel bells after several such
race flskings ls quite encouraging.
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A second series of tests with 30 rings of each test size made from a different
vacuun-melted SAE 52100 ingot 1s now underway. Although only a few bearings from
this second lot of material have been run to fallure, it would appear that the
endurance pattern will be quite similer to that for the initial test group.

Because of restricted furnace capacity, the supply of vacuum-melted steel is
quite limlted, and the ingot cost is approximately 15 to 20 times that for SAE
52100. Consequently, the vecuum-melting process offers a praticularly attractive
source for high-temperature steels in those applications that are beyond the
capabllities of SAE 52100. Geunerally, the demsnd for high-tempereature beerings dces
not Jjustify obtaining full heats, s0, that bar stock for ring forgings must be ob-
tained through jobbing sources and consequently is of—only average cleanliness.
Inesmuch as tool steel costs are generally five to seven times that for normel
bearing materials, the cost penalty for the wacuum melting and the limited ingot
size (500 1b maximum at present)}, are not so objectionable as in the case of SAR
52100. . N : -

A program hes been established in the SKF laeboratory under contract with the
Wright Air Development Center to cbtaln endurance dats for the high-speed, high-
temperature main thrust bearings in aircraft gas turblnea. This program, vwhich is
already under way, is organized along three phases. First;—a conventional test
lot of thirty 6309 ball bearings made wlth rings and balls of MIO high-temperature
steel wlll be endurance-tested on existing laboratory equipment under standarized
test conditions. The results of this program will give a comparative plcture of
MIO and SAE 52100 for ordinery temperature, speeds, and loads. As soon as these
tests are completed, the test rigs will be modified to run an identical lot of MIO
6309 bearings under the seme speeds and loads but at the highest possible temperature
consistent—with available lubricants.

Under this same program, one high-speed test rig capeble of rununing 100-
millimeter-bore ball bearings under pure thrust at speeds up to 15,000 rpm hes
been assembled and sevéral trial runs made with non-test bearings. Most parts for
the other two machines covered by the contract have been ordered, and the battery
of three machines will be first used for the high-speed endurance testing of basic
7020 size (100-mm bore) precision angular contect bearings which are the seme
style as used for the mein thrust bearing in aircraft turbines. The rings, races,
and balls for this first lot of 30 high-speed test bearings will be made from
8A® 52100 steel and the test conditions will be controlled by a circulating oll
system to limit the maximum operating temperature to 350° F. This phase is primarily
concerned with the effect of bearing geometry on endurance life at very high speed.

The final phase of this program wlll be the high-speed testing of angular con-
tact ball bearings following the optimum geometry eas developed during phase 2, but
with rings and balls made from high-tempersture steel. These tests will be run
et approximately 15,000 rpm and cartridge heaters will be used t0 maintaln anbient
temperatures up to 750° F depending on available lubricants.

The characteristic aircraft power plant bearing application 1ls an coptimistic
compromise of minirmum bearing size with maximum load, speed, and temperature.
Figure 7(e) shows a very interesting mounting using a double row, self-aligning
roller bearing inner-race assembly for a pinion bearing, with the outer-race
sphere ground integrasl with the high-speed pinion bore. Both 75- and O-millimeter-
inside-diemeter pinion bearings of this type have been successfully operated in e
fixed-cage planetary with & maximum DN value of 675,000. These plnion besrings
use essentlally standard inner-race, cage, and roller assemblies modified for high-
speed operatlon wilith radial lubricatlon hcles drilled through the center flange for
positive Jubrication of the cage support surfaces and the roller guide flanges,

geee
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A typlcal tandem mounting of two split inner-race ball bearings for the main
thrust locetion in an advanced aircraft turbine is shown in figure 7(b). To insure
equal load distribution, very close manufacturing controls are necessary to main-
tain the same contact angle for each bearing and to equalize thelr yield under
thrust. As one bearing will tend to pump and the other to repel, a stationary
baffle 1s inserted between the two outer rings with separate metering jets for lub-
ricating each bearing. Relatively high oll flows are required to maintaln a safe
bearing temperature so that ample scavenging drains are necessary to avold excessive
heat from oll churning.

A high-precision angular contect bearing developed for an extremely high-speed,
though not necessarily high-temperature, application is shown in figure 7(c}.
Lamineted phenolic resins such as bakellte, micerta, and synthane, have been very
successful for ceges of high-speed antifriction bearings primarily becsuse of their
light welght and inherent self-lubricating properties. However, these materlals
have very low tensile strength, and preliminsry high-speed testing with conventional
precision angular contact bearings resulted in cage failures across the ball
pocket, which were attributed to centrifugel strain. Conseguently, an experimental
cage was developed by shrinking a thin brass sleeve around a suitsble nonmetallic
cege blank and riveting this ring in place at two diametrically opposite locations.
Previous studies had shown thet the phenolic meterisls will distort with tempera-
ture as the volatile elements are driven off, so that some positive method, such
as riveting, was necessary in addition to the interference shrink. After the sleeve
was shrunk on the cage blank, the pockets were drilied in a conventional menner
end 8 75-milllmeter-bore bearing wes run in this reinforced cage for 90 hours at
speeds up to 30,000 rpm, which is equivalent to DN value of 2,255,000.
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Figure 1. - Effect of temperature and time on growth of a quenched SAE 52100 xing.
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